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ABSTRACT:  
In our advanced information society, halftoneprint image can
be found everywhere in our life. Image quality is one of the
most importantaspects for theprinted image. Imagequality is
determinedbyboththemacroscopiccharacteristicssuchas the
toneandcolorreproductionsandthemicroscopiccharacteristics
such as the sharpness and the granularity. However, the tone
and color reproductions are significantly affected by the dot
gaineffect,wherethedotgaineffectcanclearlybeobservedin
halftone micro–structure. Therefore, it is considered that the
microscopic measurement makes it possible to accurately
analyzenotonlythesharpnessandthegranularitybutalsothe
toneandcolorreproductions.
Inthisresearch,severalnewtechniquesareproposedto
analyze, evaluate and predict the image quality of halftone
prints accurately and efficiently by using the microscopic
measurement.
The topics of this research contain how the sharpness
and granularity of halftone print are evaluated accurately and
efficiently,howthelightscatteringcharacteristicofpaperwhich
causestheopticaldotgainismeasured,howtheopticaldotgain
and themechanicaldotgainare separatelyanalyzed,andhow
thespatiospectraldistributionofreflectanceispredicted.

UniversalDecimalClassification:655.1,543.4,681.7,519.6

CABThesaurus:halftoneprint,imagequality,microscopicmeasurement,dot
gain,modulationtransferfunction
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Chapter 1
Introduction
I n our advanced information society, halftone print image can be found every-where in our life as media for communication or media for art. The developmentof typography in 1447 by Gutenberg made it possible to easily and quickly com-
municate the character information. Photography has been developed in 1840 and
afterward has been integrated with the printing technology, which made it possi-
ble to communicate photographic images. In recent years, the image information is
changed to digital form with dizzying speed. The digital image is captured, recorded,
transferred, analyzed, printed and output with various imaging devices such as dig-
ital still cameras, scanners, various types of printers and various types of displays.
Image quality is one of the most important aspects for the printed image. Im-
age quality of the printed image is related to the color (or tone) reproduction, the
sharpness and the granularity [Miyake 2002]. The color reproduction is a charac-
teristic in spectral dimension, which is measured as a device independent color such
as the CIE XYZ value, the CIE L*a*b* value or the spectral reflectance. The spec-
tral reflectance is not influenced by the illumination environment. The CIE XYZ
(or CIE L*a*b*) value on the arbitrary illumination environment can be calculated
from the spectral reflectance. On the other hand, the sharpness and the granularity
are characteristics in spatial dimension, which are related to the microscopic spatial
distribution of reflectance of ink dots.
It is important in printing industry to answer that how the image quality can be
analyzed, evaluated and predicted efficiently and accurately. This kinds of research
have been continued since the 1930’s by a lot of researchers. However, various out-
standing problems have been still left. In this research, several new techniques are
provided to analyze, evaluate and predict the image quality of printed image effi-
ciently and accurately using the microscopic measurement which can obtain spectral
and spatial characteristics of printed image.
1
1.1 Macroscopic Measurement and Microscopic Mea-
surement
The reflectance characteristic can be obtained by the macroscopic measurement or
the microscopic measurement. The macroscopic measurement shown in Fig. 1.1
is based on the measurement of point with the spectrophotometer, the spectrora-
diometer or the macro–densitometer. The spectrophotometer can directly measure
the spectral reflectance of the halftone print. On the other hand, the microscopic
measurement shown in Fig. 1.2 is based on the measurement of microscopic im-
age with the reflection optical microscope or the micro–densitometer. If a liquid
crystal tunable filter (LCTF) is attached to the reflection optical microscope, the
microscope can measure the spatial and spectral distributions of reflectance (spatio-
spectral reflectance).
In the current printing industry, the macroscopic measurement is generally used
to evaluate the color and tone reproductions because of its advantages where the
measurement time and data size are smaller than that of microscopic measure-
ment. Additionally, a lot of prediction models of color or tone reproduction for
data obtained by the macroscopic measurement have been proposed such as a
Murray–Davies equation [Murray 1936], a Yule–Nielsen equation [Yule and Nielsen
1951], a Neugebauer model [Neugebauer 1937], a Yule–Nielsen modified Neugebauer
model [Viggiano 1990], a Clapper–Yule model [Clapper and Yule 1953], an extended
Clapper–Yule model [Emmel and Hersch 2000; Rogers 2000], an Williams–Clapper
model [Williams and Clapper 1953], an extended Williams–Clapper model [Shore
and Spoonhower 2001], a generalized model of Clapper–Yule and Williams–Clapper
models [He´bert and Hersch 2004] a reflectance and transmittance model for recto-
verso halftone prints [He´bert and Hersch 2006; He´bert et al. 2007; He´bert and Becker
2008; He´bert and Hersch 2009], a Kubelka–Munk model [Kubelka 1948; Kubelka
1954], a revised Kubelka–Munk model [Yang and Kruse 2004; Yang et al. 2004;
Yang and Miklavcic 2005], a Saunderson model [Saunderson 1942], models consid-
ering the ink penetration into paper [Yang and Kruse 2001; Yang et al. 2001; Yang
and Fogden 2005], and models considering the fluorescent effect [Emmel and Hersch
1997; Hersch 2008].
On the other hand, the microscopic measurement has several disadvantages
where it is time–consuming for measurement, the measured data size is large, few
models have been proposed to analyze the data obtained by the microscopic mea-
surement, and the parameters of the models are difficult to obtain compared to the
case of the macroscopic measurement. However, the microscopic measurement is
introduced in this research because of the following advantages.
• The measured data can be applied to analyze not only the color (or tone)
2
Spectrophotometer
Spectral
reflectance
Point -based
measurement
Figure 1.1: Macroscopic measurement.
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Figure 1.2: Microscopic measurement.
reproduction but also the sharpness and the granularity.
• Dot gain effects can accurately be analyzed since the dot gain effect can clearly
be observed in halftone micro–structure. The dot gain effect is described in
Sub-section 1.5 in detail.
1.2 Evaluation of Sharpness
It is not difficult to evaluate the color (or tone) reproduction since it can directly
be evaluated by spectral measurements of color patches. The tone reproduction is
evaluated by a characteristic performance curve. The color reproduction is evaluated
by an amplitude of color space.
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On the other hand, the evaluation of sharpness is more difficult. The sharpness
of printed image can be evaluated by the modulation transfer function (MTF) of
the printer [Jang and Allebach 2006; Madanipour and Tavassoly 2007; Lindner et al.
2008b; Lindner et al. 2008a; Lindner et al. 2009; Bonnier et al. 2009]. The MTF has
been generally applied to analyze the photographic images in former times [Dainty
and Shaw 1974; James 1977; W.Thomas 1973; Miyake 1991]. The MTF is defined as
the absolute value of Fourier transform of impulse response. The impulse response
of imaging system is called as the point spread function (PSF). The input-output
relationship in a linear imaging system can be expressed by an equation given by
g(x, y) = f(x, y) ∗ h(x, y), (1.1)
where (x, y) denotes the spatial coordinates, g(x, y) is the output image, f(x, y)
is the input image, h(x, y) is the PSF of the imaging system and ∗ denotes the
operation of convolution integral. The Fourier transform of Eq. (1.1) is given by
G(u, v) = F (u, v)H(u, v)
= F (u, v)|H(u, v)| exp{jθ(u, v)} , (1.2)
where (u, v) denotes the spatial frequency coordinates, G(u, v), F (u, v) and H(u, v)
are the Fourier transforms of g(x, y), f(x, y) and f(x, y), respectively, H(u, v) is
called as the optical transfer function (OTF) of the system. The OTF can be
separated to its absolute value |H(u, v)| and phase shift exp{jθ(u, v)}. The absolute
value |H(u, v)| is the MTF of the system. The phase shift exp{jθ(u, v)} is called as
the phase transfer function (PTF) of the system. If the system has no phase shift,
i.e. exp{jθ(u, v)} = 1, the PSF has the spatial isotropic property and the OTF can
be alternated to the MTF. The MTF indicates the system’s ability of resolution. As
illustrated in Fig. 1.3, a system with a high (good) MTF outputs a sharp image and
a system with a low (poor) MTF outputs a blurred image.
The problem is how the MTF of printer is measured efficiently and accurately.
1.3 Evaluation of Granularity
In photography and radiography, the granularity is generally evaluated by an RMS
(root mean square) granularity or an Wiener spectrum [Miyake 2002; Katsuragawa
2002]. The RMS granularity and the Wiener spectrum are calculated from the mea-
sured microscopic spatial distribution of reflectance of patches recorded the uniform
reflectance distribution macroscopically.
The RMS granularity σ of one dimension is given by
σ =
√√√√ 1
N
N∑
i=1
(Di − D¯)2, (1.3)
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Figure 1.3: A schematic diagram of the influence of MTF of imaging system.
where Di is the measured data, N is the number of data and D¯ is the average value
of data. The data D is often the optical density, and is sometimes the reflectance
or the transmittance.
The RMS granularity, however, cannot evaluate the spatial periodic structure
of granularity. Hence, the Wiener spectrum is introduced when one analyzes the
granularity in detail. Let f(x) is the one dimensional distribution of optical density,
reflectance or transmittance. The Wiener spectrum WS(u) of one dimension is
given by
WS(u) = lim
X→∞
1
X
[F{f(x)− f¯}]2, (1.4)
where X is the length of f(x), f¯ is the spatial average value of f(x), and F denotes
the operation of Fourier transform. The Wiener spectrum can also be applied by
considering the spatial frequency characteristic of human eye [Dooly and Shaw 1979;
Matsui 2003; Matsui and Kubota 2006; Matsui 2007].
The RMS granularity and the Wiener spectrum have a relationship given by
σ2 =
∫ ∞
−∞
WS(u)du = 2
∫ ∞
0
WS(u)du. (1.5)
The RMS granularity and the Wiener spectrum is also often applied to evaluate
the granularity in halftone printing system. However, in the case of halftone print,
the fundamental problem exists. The granularity caused by the halftone micro-
structure is significantly dependent on the tone level. If the input value is changed,
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the granularity of patch is also changed. In other words, the granularity significantly
changes with the spatial position of halftone print image. The problem is how the
granularity of halftone print is defined, and how the defined granularity is applied
to evaluate the image quality.
1.4 Prediction of Spatio-Spectral Reflectance
If the method of “evaluation” of image quality is established, the next step is to
establish the method of “prediction” of it. It is the most important to predict the
color and tone reproductions since the color management system (CMS) makes it
possible to efficiently share the color information between various imaging devices
such as digital still cameras, scanners and displays as well as printers.
From its linearity of the additive color mixture, it is not difficult to predict the
color (or tone) reproduction of cameras, scanners and displays from a few amounts of
measurement. However, compared to systems based on the additive color mixture,
it is difficult to predict the color (or tone) reproduction of the “printing” system
based on the subtractive color mixture because of its nonlinearity. The printing
system prints the image as a halftone image where it is constituted as the on–off
image of ink dots microscopically. Since the input light into the halftone print is
mainly attenuated by the ink region, the reflectance is related to the coverage of
ink. However, since the light scattering in paper causes the optical dot gain, the
nonlinear relationship is occurred between the reflectance and ink coverage.
Figure 1.4 illustrates how the tone and color reproductions of printing system is
comprehended. A lot of color patches are printed and their tone and color charac-
teristics are obtained by the reflectance measurement. The most primitive solution
to comprehend its reproduction is to measure the all combinations of inputs to
printer. However, it is not a practical method since too many color patches need
to be measured. The second solution is the interpolation–based method using a
look up table (LUT). The LUT is generated from several measurements. Since LUT
does not include all the possible color combinations, the unknown color values are
mathematically interpolated and estimated using the LUT. However, due to the non-
linearity of printing system mentioned above, one still needs a lot of measurements
for high estimation accuracy. The third solution is the prediction–based method
using prediction models. This is the most efficient solution since the nonlinearity
can be described in the prediction models. Using the limited measurement values,
the unknown tone and color values are predicted by the prediction model. The
problems are how the prediction model is defined and how the parameters included
in the model are obtained.
The conventional prediction models often predict just the spectral reflectance of
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Figure 1.4: Tone and color managements in printing.
color patches. Little work has been done to predict not only the spectral information
but also the microscopic spatial information. The microscopic spatial information
of color patch is related to the granularity of halftone print. Besides, the granularity
of halftone print depends on the tone level of color patch. Hence, one of the parts
of this research is to establish the model to efficiently and accurately predict the
spatio-spectral reflectance of color patches.
1.5 Dot Gain
A halftone print reproduces the input image as the on–off image of ink dots micro-
scopically. At the macroscopic view point, the dot coverage of ink reproduces the
tone of print. Let r be the reflectance of the halftone print. The classical Murray–
Davies equation [Murray 1936; Southworth and Southworth 1989] approximates the
reflectance r of a monochromatic halftone print as
r = ari + (1− a)rp, (1.6)
where a is the dot coverage of the ink, ri is the reflectance of the solid print where
the term “solid” denotes the print with 100% dot coverage, and rp is the reflectance
of paper. Equation (1.6) is a simple linear equation composed of two basis values
ri and rp and their coefficients a and 1 − a. However, the prediction by Eq. (1.6)
is not accurate due to the dot gain effect. Dot gain is a phenomenon in printing
which causes printed paper to look darker than intended. The dot gain effect can
be classified to two types. One is a mechanical dot gain and the other is an optical
dot gain.
Due to the viscosity of ink, the shape of printed ink dot is changed compared
to the intended shape. The printed dots are generally printed larger than intended.
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This phenomenon is called as the mechanical dot gain. The mechanical dot gain is
also called as a physical dot gain. Figure 1.5 illustrates the mechanical dot gain.
The optical dot gain is also called as the Yule–Nielsen effect. The optical dot gain
is caused by the light scattering effect in paper, and the printed dots are perceived
larger than actually printed. Figure 1.6 illustrates the optical dot gain. Since the
perceived ink dot is blurred, the optical dot gain affects not only tone and color of
the print but also granularity and sharpness of the print.
Since two types of dot gain are observed simultaneously, it is difficult to sepa-
rately analyze them. A part of objective in this research is to provide a method
to separately analyze the two types of dot gain in order to accurately analyze and
efficiently predict the halftone print quality.
1.6 MTF of paper
The concept of PSF or MTF can directly be applied to paper. If an impulse light is
illuminated into paper, the light is scattered in paper. The light scattering property
can be expressed as the PSF of paper. The OTF of paper is defined as the Fourier
transform of the PSF of paper. The MTF of paper is defined as the absolute value
of the OTF of paper. In this research, it is assumed that the PSF of paper has no
phase shift and the OTF of paper can be alternated to the MTF of paper. From its
definition, the optical dot gain can be evaluated by the MTF of paper. Therefore,
the importance of paper’s MTF has been acknowledged. However, problems are
how the MTF of paper is measured and how the MTF of paper is applied to analyze
the dot gain effect. Parts of objective in this research are to provide a method to
measure the MTF of paper accurately and efficiently, and to provide a method to
analyze the dot gain effect using the measured MTF of paper.
1.7 Reflection Image Model (RIM)
As a model to microscopically describe the light transfer behavior input into halftone
print, Ruckdeschel and Hauser have proposed an equation [Ruckdeschel and Hauser
1978] given by
o(x, y) = i [t(x, y) ∗ PSFp(x, y)] rpt(x, y), (1.7)
where o(x, y) is the spatial distribution of intensity of reflected light from the halftone
print, i is the intensity of incident light, t(x, y) is the spatial distribution of trans-
mittance of ink layer, PSFp(x, y) is the PSF of paper, and rp is the reflectance of
paper. The spatial distribution of reflectance from the halftone print r(x, y) can be
8
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defined by the ratio between the intensities of input and reflected given by
r(x, y) = o(x, y)/i
= [t(x, y) ∗ PSFp(x, y)] rpt(x, y) . (1.8)
Inoue et al. have also proposed the same equation described in Eq. (1.7) and they
named the equation the reflection image model (RIM) [Inoue et al. 1997]. The name
”RIM” is also introduced in this dissertation. Figure 1.7 illustrates the light transfer
behavior of RIM. In the RIM, the halftone print is expressed as the image where the
ink dots are superposed on paper, and it is assumed that the ink layer and paper can
be optically separated. The light transfer behavior can be explained as the following
steps.
1. The halftone print is illuminated by the input light.
2. The light transmits the ink layer by its transmittance t(x, y).
3. The transmitted light enters into the paper.
4. The light is scattered in paper by PSFp(x, y) and reflected by the reflectance
rp.
5. The reflected light transmits the ink layer by t(x, y) again before output.
The Fourier transform of PSFp(x, y) is the OTF of paper. Equation (1.7) can be
expressed using the OTF of paper given by
r(x, y) = F−1 [F {t(x, y)}OTFp(u, v)] rpt(x, y), (1.9)
where OTFp(u, v) is the OTF of paper and F and F−1 indicate the Fourier transform
and the inverse Fourier transform, respectively. The MTF is defined as the absolute
value of the OTF. If the PSF of paper has no phase shift, the OTF is equal to the
MTF. Therefore
r(x, y) = F−1 [F {t(x, y)}MTFp(u, v)] rpt(x, y), (1.10)
where MTFp(u, v) is the MTF of paper.
In the RIM, the function r(x, y) is affected by the mechanical dot gain and the
optical dot gain. However, the function t(x, y) is only affected by the mechanical
dot gain, and the optical dot gain effect is expressed in the function MTFp(u, v).
Therefore, the RIM would be suitable to separately analyze the optical dot gain and
mechanical dot gain.
In this research, Equation (1.10) is introduced to analyze the halftone print.
Parts of objective in this research are to propose the method to efficiently obtain
the parameters of Eq. (1.10), to propose the method to separately analyze the dot
gain effects, and to propose the method to apply the Eq. (1.10) in order to predict
and evaluate the halftone print quality.
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Figure 1.7: Light transfer behavior in RIM.
1.8 Contents and Structure of Dissertation
In this chapter, The background of research, the current problems to solve and
fundamental characteristics of halftone print systems are introduced. Figure 1.8
shows contents and structure of this dissertation.
In Chapter 2, a method is proposed to efficiently evaluate the sharpness by
measuring “the MTF of printer”.
In Chapter 3, a simple and accurate method to measure “the MTF of paper” is
proposed. The proposed method calculates the MTF by the fraction between two
images of the pencil light response in Fourier domain where the two images are
reflection images from the paper and the perfect specular reflector. The MTF of
paper can be applied to analyze the optical dot gain effect.
In Chapter 4, the dependency of paper’s MTF on the condition of the illumina-
tion angle is measured and analyzed.
In Chapter 5, the optical dot gain is analyzed by changing the MTF of paper in
the RIM, and the spatial reflectance of halftone print is simulated with respect to
the monochrome halftone print. Through the print simulation, the image quality is
analyzed subjectively and objectively. As the objective evaluation, a new physical
criterion is proposed to evaluate the image quality of halftone print. The proposed
criterion is defined using the full reference RMS granularity, which is proposed in
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order to evaluate the granularity of halftone print image, which changes significantly
with the spatial position. The correlation is analyzed between the proposed criterion
and the the observer rating value (ORV).
In Chapter 6, an iterative algorithm is proposed to estimate the spatial distribu-
tion of transmittance of ink layer from the spatial distribution of reflectance of the
halftone print using the MTF of paper. In the RIM, the transmittance of ink layer
is only affected by the mechanical dot gain. Therefore, the estimated transmittance
can be applied to analyze the mechanical dot gain.
In Chapter 7, a method is proposed to separately model the optical dot gain
and the mechanical dot gain. The proposed model is applied to predict the spectral
reflectance of color halftone print.
In Chapter 8, a new prediction model is proposed to predict not only spectral but
also spatial characteristics of reflectance of color patches, i.e., the “spatio-spectral”
reflectance. The new prediction model is defined by extending the conventional
spectral reflection image model (SRIM) by introducing the concept of conventional
spectral Neugebauer model. The spatio-spectral reflectance has both the spectral
information and the microscopic spatial information. The spectral information of
color patch is related to the color (or tone) reproduction. The spatial information
of color patch is related to the granularity.
In Chapter 9, this study is concluded and future works of this study are described.
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Chapter 2
Evaluation of Sharpness Based
on Printer’s MTF
Image quality is mainly determined by its color (or tone) reproduction, sharp-ness and granularity. Compared to other characteristics, it is more difficult toevaluate the sharpness efficiently and accurately. The sharpness of printed im-
age is often evaluated by MTF of printer. Two kinds of different methods have
been proposed to calculate the MTF of printer. One is based on the measurement
of the sinusoidal pattern image; a lot of sinusoidal patterns having different spatial
frequencies are printed, and the modulation between input and output are calcu-
lated. This method is accurate, however, is not efficient. The other is based on the
measurement of the knife-edge image; the line spread function (LSF) is calculated
from derivation of the knife-edge image, and the MTF is calculated from the Fourier
transform of LSF. This method is efficient since the MTF of every spatial frequency
can be calculated using one knife-edge image. However, this method is not accurate
since the derivation amplifies the noise of measured data.
In this chapter, a method is proposed to calculate the MTF of printer efficiently
and accurately. The proposed method is based on the measurement of the knife-edge
image, however, does not use derivation in order to accurately calculate the MTF.
The proposed method can also be applied to other image output systems directly
such as displays.
14
2.1 Calculating MTF from Edge Spread Function
2.1.1 Gans’ method
Many physical criteria have been proposed to evaluate the sharpness of the image
such as resolving power, acutance and MTF. The MTF is the most comprehensive
method for evaluation of image quality. If it is assumed that the imaging system is
linear system, the MTF can be calculated by the Fourier transform of the optical
LSF. The MTF also can be determined by spatial frequency analysis of the edge
spread function (ESF) which is output distribution when a knife-edge image is input
into the imaging system. The ESF with infinite length is defined as
fi(x) =
⎧⎨
⎩
fn1(x) , −∞ < x < 0
fc(x) , 0 ≤ x < l
fn2(x) , l ≤ x < ∞
, (2.1)
where fc(x) is a part of the ESF measured with a image capturing system, fn1(x)
and fn2(x) represent the parts of the ESF which are not measured. For simplicity,
it is assumed that the system has one dimension property. One would like to know
the spatial frequency characteristic of fi(x). However, the Fourier transform of
fi(x) cannot be calculated directly since one has only fc(x), and the discrete Fourier
transform (DFT) of fc(x) also cannot be calculated directly since fc(0) is not equal to
fc(l). In Gans’ method [Gans and Nahman 1982; Chawla et al. 2003], a rectangular
function fs(x) is obtained by the following formula in order to calculate the Fourier
transform of fi(x):
fs(s) = fi(x)− fi(x− x1), (2.2)
where fi(x− x1) is obtained by shifting fi(x) in length of x1. This process is shown
in Fig. 2.1. The Fourier transform of fs(x) is given by
Fs(ω) =
∫∞
−∞ fs(x)e
−jωxdx
=
∫∞
−∞{fi(x)− fi(x− x1)}e−jωxdx
=
∫ l
0{fi(x)− fi(x− x1)}e−jωxdx
= Fi(ω)[1− e−jωx1 ]
, (2.3)
Hence
|Fs(ω)| = 2|Fi(ω)| sin(ωx1/2). (2.4)
In Eq. (2.3), fi(x) can be substituted fc(x) since the integral range is [0, l]. The
MTF can be calculated by dividing |Fs(ω)| by a sinc function which is the Fourier
transform of the ideal rectangular function as
MTF(ω) =
|Fs(ω)|
|x1sinc(x1ω/2π)| (2.5)
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Figure 2.1: The process to obtain the rectangular function from the original ESF
fi(x) and the shifted ESF fi(x− x1).
with
ω = 2nπ
x1
where n = {0, 1, 2, . . . }.
2.1.2 Two kinds of shift processing
The shift processing defined as fi(x− x1) can be determined by two different ways
as follows:
1. The measured ESF is shifted by calculation (Fig. 2.2(a)).
2. Two ESFs are measured with and without a physical shift (Fig. 2.2(b)).
In the first method, one can shift the edge accurately since it is shifted by calculation.
On the other hand, in the second method, it is difficult to shift the edge accurately
since two exposures are taken, therefore a shift error arises. However, the second
method is significant for reduction of noise in both imaging systems and measuring
instruments. Therefore the second method is introduced in this research to measure
the ESF. Furthermore, a method is proposed to compensate the shift error of the
second method.
2.1.3 Proposed method to compensate the shift error
If the shift is performed at the rate that x1 = l/2, in theoretically, |Fs(ωn)| at
frequencies ωn = nπ/x1 can be defined as follow:
|Fs(ωn)| =
{
2|Fi(ωn)| , n = ±1,±3,±5, . . .
0 , n = ±2,±4,±6, . . . . (2.6)
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However, in practically, the shift error xe arises, then x1 and ωn become x1 = l/2+xe
and ω′n = nπ/(x1 − xe). Therefore, |Fs(ω′n)| is given by
|Fs(ω′n)| = 2|Fi(ω′n) sin(ω′nx1/2)|
= 2|Fi(ω′n) sin( πnx12(x1−xe))|
. (2.7)
The accurate |Fs(ωn)| cannot be obtained since one does not know xe. Figure 2.3
illustrates the relationship between |Fs(ωn)| and |Fs(ω′n)|. The error between ωn
and ω′n is given by
E = |ωn − ω′n|
= |( 1x1 − 1x1−xe )nπ|
. (2.8)
Since E is proportional to n in Eq. (2.8), the higher ω′n is, the more unreliable
|Fs(ω′n)| is. In order to solve this problem, an error correcting method is proposed.
Using the fact |Fs(ωn)| = 0 when n is even number except 0, the error correcting
method is performed by following procedures.
1. The shifted ESF is measured somewhat longer: l = 2x1 + α (0 < α << x1).
2. One calculates the sum of |Fs(ω′n)| when n is even number except 0.
3. The length l is renewed to l − 1.
4. The procedures 2 and 3 are iterated until the sum value is minimized.
2.2 Experiment of Measuring Printer’s and Display’s
MTFs
The proposed method to measure the MTF can directly be applied to various imag-
ing output systems. In this section, the experiment is performed to measure not
only the printer’s MTF but also the MTFs of other output systems including dis-
play monitors using the proposed method.
2.2.1 Imaging systems and measuring instruments
MTFs of six kinds of output systems were measured, where these systems are
devices to output the medical X-ray image, whose output images need to have
high sharpness, such as a wet type (MLP190, Kodak) and a dry type (DRYS-
TAR3000, Agfa) photo printers using a silver halide material, the exclusive film and
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Figure 2.2: The process to shift edge images: (a) by calculation (b) two ESFs by
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glossy paper recorded by a medical inkjet printer (CXJ3000, Canon), a high perfor-
mance monochrome CRT monitor (SMM21200P, Siemens), and a high performance
monochrome LCD monitor (MDL2102A, Totoku), which are shown in Fig. 2.4. For
simplicity, these systems are called in abbreviated names in this chapter, which are
Wet-Silver, Dry-Silver, Ink-Film, Ink-Paper, CRT, LCD, respectively. Table 2.1
shows specification of each system. A digital microscope (VH-5000, Keyence) was
used for measuring the ESF of each imaging system. Since magnification of the
lens can be changed from 25 to 175 times, it is possible to measure precisely the
ESF of each imaging system with high resolution. A view box, a schaukasten in
German, was used as the light sources for the Wet-Silver, Dry-Silver and Ink-Film.
A ring light attached onto the digital microscope was used as the light source for
the Ink-Paper.
2.2.2 Linearization of imaging system
The MTF can be defined in the linear system. Many imaging systems, however,
have a nonlinear gamma characteristic between the input pixel value and the output
photometric value. In order to correct the nonlinearity into the linear space, the
characteristic curve of each imaging system is measured. Output photometric value
P of the imaging system is defined as
P =
∫
vis
φ(λ)V (λ)dλ, (2.9)
where λ denotes wavelength, vis denotes visible wavelength band, φ(λ) is the photo
stimuli and V (λ) is CIE standard spectral luminous efficiency [Ota 2003]. The photo
stimuli φ(λ, I) of each imaging system for the input pixel value I is given by
φ(λ, I) =
⎧⎨
⎩
Ef (λ)T (λ, I) with Wet–Silver, Dry–Silver and Ink–Film
Em(λ)R(λ, I) with Ink–Paper
Eo(λ, I) with CRT and LCD
, (2.10)
where Ef (λ), Em(λ) and Eo(λ, I) are spectral radiances of the view box, of the
ring light, and of monitors (the CRT and LCD), respectively, T (λ, I) is spectral
transmittance of the Wet-Silver, Dry-Silver or Ink-Film, respectively, and R(λ, I) is
spectral reflectance of the Ink-Paper. A spectral radiance meter (CS-1000, Konica
Minolta) was used for measuring Ef (λ), Em(λ) and Eo(λ, I). A spectrophotometer
(SPECTRAFLASH 500, Datacolor) was used for measuring T (λ, I) and R(λ, I).
The nonlinearities of T (λ, I), R(λ, I) and Eo(λ, I) for the input pixel value I are
given by⎧⎨
⎩
T (λ, I) = ξk(I)T (λ, 0)
R(λ, I) = ξk(I)R(λ, 0) where k denotes the imaging system
Eo(λ, I) = ξk(I)Eo(λ, 0)
, (2.11)
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(a) Silver halide printer
(Wet type)
(b) Silver halide printer
(Dry type) (c) Inkjet printer
(d) CRT (e) LCD
Figure 2.4: Imaging devices outputting medical X-ray image.
Table 2.1: Specifications of each imaging systems.
Maximum resolution Sampling pitch Nyquist frequency
[pixel] [mm/pixel] [lp/mm]
Wet-Silver 4096 × 5120 0.08 6.25
Dry-Silver 4256 × 5174 0.079 6.33
Ink-Paper 4800 × 6825 0.042 11.9
Ink-Film 6430 × 7840 0.042 11.9
CRT 2048 × 2560 0.146 3.44
LCD 1536 × 2048 0.207 2.42
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where ξk(I) is nonlinearity function expressing input–output characteristic of each
imaging system. From Eqs. (2.9), (2.10) and (2.11), the output photometric value
P is given by
P =
⎧⎨
⎩
ξk(I)
∫
vis Ef (λ)T (λ, 0)dλ
ξk(I)
∫
vis Em(λ)R(λ, 0)dλ
ξk(I)
∫
vis Eo(λ, 0)dλ
= Hk(I).
(2.12)
The characteristic function Hk(I) was calculated by polynomial approximation from
the data Hk(I ′) where I ′ = 0, 255, 511, 767, . . . , 4095 for each imaging system. The
DICOM format image was assumed. Then, the input values were created with 12-
bit. Maximum values of Hk(I) were normalized to 100. Input knife-edge images for
measuring ESFs were made using inverse function of Hk(I):
I = H−1k (P ). (2.13)
The MTF of each imaging system was measured by analyzing ESF for knife-edge
image rising to horizontal direction whose levels of step part changes from P = 20 to
P = 80 using the proposed method. In order to reduce the aliasing error, one pixel of
the image was sampled by 10×10 pixels on the CCD array of the digital microscope
which is 10 times of Nyquist frequency. One dimensional ESF was obtained by
averaging the captured image to vertical direction.
2.2.3 Result of measured MTF
Figure 2.5 shows the scene of measurements. Figure 2.6 shows the measured ESFs.
Figure 2.7 shows the measurement results of the MTF of each imaging system. The
LCD had a good characteristic of the MTF in high frequencies. It is considered that
it is due to the isolation property of the LCD’s pixel structures. In the comparison
of the silver halide printers, the MTF of the Wet-Silver was better than that of the
Dry-Silver. In the comparison of the mediums of the inkjet printer, the MTF of
the Ink-Film was better than that of the Ink-Paper. It is considered that the ink
dots are blurred due to the optical dot gain caused by light scattering in paper in
the Ink-Paper. The CRT had the worst MTF characteristic. It is considered it is
due to the spread of cathode rays and raster jitter of the CRT. It is concluded the
relationship between sharpness in these medical imaging systems is as follows:
LCD ≈ Ink-Film > Wet-Silver > Ink-Paper ≈ Dry-Silver > CRT
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(a) Paper
(b) Film
(c) CRT and LCD
Figure 2.5: Scene of measurements.
(a) Wet-Silver (b) Dry-Silver
(c) Ink-Film (d) Ink-Paper
(e) CRT (f) LCD
Figure 2.6: Measured ESFs.
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Figure 2.7: The MTF of each medical imaging system.
2.3 Validity Evaluation of Measured MTF
The validity of the measured MTF should be evaluated. In this section, the rela-
tionship between the LCD’s MTF and observer rating value in terms of sharpness is
discussed. First, several blurred edge images onto the LCD are measured with the
digital microscope and analyzed, and the MTFs were calculated (Sub-section 2.3.1).
Secondly, the physical criteria are defined from the MTFs and the human visual
characteristic. Thirdly, the sharpness of each edge is evaluated in the subjective
evaluation experiment in terms of sharpness. Finally, the correlation coefficient is
calculated between the physical criteria and the observer rating value (Sub-section
2.3.2).
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2.3.1 Edge blurring due to down sampling using bilinear interpo-
lation
Since the resolution of monitors such as LCDs and CRTs is generally smaller than
that of X-ray images, down sampling is needed to see the image in full view in
medical scenes. If the bilinear interpolation is used as the down sampling method
for a knife-edge image, a middle tone of one pixel width arises on the step part. This
middle tone degrades sharpness of the knife-edge image. Then, the ESFs of several
edge images were measured, having one pixel middle tone as shown in Fig. 2.8, and
the MTFs for the LCD were calculated. Figure 2.9 shows the measured MTFs. The
middle tone degraded the MTFs, and the degree of the degradation depended on
the photometric value of the middle tone.
2.3.2 Relationship between Measured MTF and Observer Rating
Value
Using measured MTFs of the LCD, the physical criteria, SQF, were calculated as
follows.
SQF =
∫ un
0 MTFLCD(u) ·MTFv(u)du∫ un
0 MTFv(u)du
, (2.14)
where u is spatial frequency [lp/mm], un is the Nyquist frequency of the LCD, and
MTFv(u) is the MTF of human visual system. In this chapter, Sullivan’s model
[Kang 1999] was introduced as MTFv(u) given by
MTFv(u) =
⎧⎪⎨
⎪⎩
1 u ≤ umax
a
(
b +
cπLu
180
)
exp
{
−
(
cπLu
180
)d}
u > umax
, (2.15)
with a = 2.2, b = 0.192, c = 0.114 and d = 1.1, where L is the viewing distance (500
mm was set in this experiment), umax is the spatial frequency satisfied the equation
as follows:
a
(
b +
cπLumax
180
)
· exp
{
−
(
cπLumax
180
)d}
= 1. (2.16)
When L = 500[mm], umax = 0.075[lp/mm].
The subjective evaluation experiment was performed in following condition:
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Figure 2.8: The edges having a middle tone of one pixel width.
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Figure 2.10: The relationship between the MTF and observer rating value.
Method : Thurstone’s paired comparison method [Muto 1982]
Imaging system : the LCD
Sample : 10 kinds of edge images as shown in Fig. 2.8
Observer : 10 students in my laboratory
Viewing distance : 500 mm
Figure 2.10 shows the well correlated relationship between the SQF and observer
rating value. The correlation coefficient was 0.985.
2.4 Conclusion
In order to evaluate sharpness, a method was proposed to measure the printer’s
MTF. The proposed method is efficient since the MTF can be calculated using only
two images which are the output images of knife-edge with and without shifting. The
proposed method would be accurate since it does not use derivation for analyzing
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ESF. The proposed method can directly be applied to other image output systems
like displays.
An experiment was performed to measure not only the printer’s MTF but also
the MTFs of other output systems including display monitors using the proposed
method, where these systems are devices to output the medical X-ray image, whose
output images need to have high sharpness.
The observer rating value in terms of sharpness and the physical criteria, SQF,
calculated from the MTF were well correlated. It is considered that the proposed
method is effective.
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Chapter 3
Measurement of Paper’s MTF
Image quality of halftone print is significantly influenced by a scattering charac-teristics in paper. Because of the scattering in paper, a photon would emerge theprint from a different position of the halftone micro-structure where it entered,
and printed dots are perceived larger than intended by observers. This phenomenon
is known as the optical dot gain or the Yule-Nielsen effect. The optical dot gain
makes the tone of halftone print appear to be darker, and it affects not only the
tone reproduction but also the color reproduction [Gustavson 1996; Gustavson 1997;
Rogers 1998a]. The light scattering in paper can be quantified by the paper’s PSF
or, equivalently, the paper’s MTF. The PSF is the optical impulse response of pa-
per. The MTF is defined as the modulus of the Fourier transform of the PSF.
Several researchers have proposed the method to measure the MTF of paper. Inoue
et al. propose a method to project sinusoidal test patterns and measure the ratio of
modulation depth of these patterns, respectively [Inoue et al. 1997]. This is the most
direct method for measuring the MTF therefore the measured data would be accu-
rate. However, it requires to project and measure iteratively a lot of sinusoidal test
patterns having different spatial frequencies. Inoue et al. propose another method
not to project but to contact sinusoidal test target printed on film [Inoue et al.
1998]. This method is experimentally simpler than the projecting method but it
remains to need measuring several patterns iteratively. As more efficient methods,
Yule et al. [Yule and Nielsen 1951; Yule and Nielsen 1967], Engeldrum and Pridham
[Engeldrum and Pridham 1995], and Atanassova and Jung [Atanassova and Jung
2007] measured the line spread function (LSF) of paper from the edge spread func-
tion (ESF) obtained by the knife-edge projection method. If the light scattering in
paper is assumed isotropic, the imaging properties are specified either by the PSF,
LSF, or MTF in the spatial frequency domain. This type of method is called as “a
spread function method” [Dainty and Shaw 1974]. Their methods are experimen-
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tally more efficient than the sinusoidal test patterns method since only one projected
edge image needs to be measured. However, the measurement accuracy is not sig-
nificant since the noise in the knife-edge response is increased when the derivation is
calculated to obtain the LSF from the ESF. Rogers proposes a series–expansion bar–
target technique [Rogers 1998b]: a bar–target image data is projected on paper and
the response is measured. He calculated the ratio between the series–expansion coef-
ficients of the Fourier transform of measured data and that of ideal bar–target data
in order to decide the MTF of paper. This method is also experimentally efficient
since only one bar–target image needs to be measured. However, it is not easy to
produce an ideal bar–target image having sufficiently sharp knife-edges. As indirect
methods, several methods to estimate the MTF of paper have been proposed such
as a method using the Kubelka–Munk equation [Engeldrum and Pridham 1995], a
method using the histogram of the image obtained by the contacted bar–target on
paper [Arney et al. 1996], and a method using the Monte Carlo simulation [Sugita
1994]. However, compared to direct methods, the measurement accuracy of MTF
would not be significant.
In this chapter, a new simple method is proposed to directly measure the MTF
of paper. In the method for measuring the MTF of paper, a pencil light distribution
is projected to paper and the perfect specular reflector. The MTF of paper is calcu-
lated from the ratio between the two response images in spatial frequency domain.
Since the spatial frequency characteristic of input pencil light can be obtained from
the response of perfect specular reflector, it does not need to produce the input
illuminant having “ideal” impulse characteristic.
3.1 A method to measure paper’s MTF using perfect
specular reflector
A pencil light profile is projected to paper and the intensity distribution of reflected
light, ol(x, y) at spatial coordinate (x, y), is measured. The light transfer behavior
of the pencil light into paper is given by,
ol(x, y) = il(x, y) ∗ {rpPSFp(x, y)} , (3.1)
where il(x, y) is the intensity distribution of incident pencil light, rp is the reflectance
of paper, PSFp(x, y) is the PSF of paper and ∗ indicates the operation of convolution
integral. From the Fourier transform of Eq. (3.1), the MTF of paper is given by
MTFp(u, v) =
1
rp
|Ol(u, v)|
|Il(u, v)| at (u, v) : |Il(u, v)| > eth, (3.2)
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where Ol(u, v) and Il(u, v) are the Fourier transformations of ol(x, y) and il(x, y),
respectively. Theoretically, the MTF of paper can be calculated at any (u, v) where
|Il(u, v)| > 0 using Eq. (3.2). However, the signal-to-noise ratio becomes to be
worse when |Il(u, v)| is small value. The empirical threshold value eth is introduced
to cutoff the MTF whose accuracy of calculation is low. Equation (3.2) indicates
that the MTF of paper can be calculated if Il(u, v) and rp are obtained. If the
function il(x, y) can be assumed as ideal impulse, i.e. two dimensional Dirac delta
δ(x, y) defined by
δ(x, y) = 0 if (x, y) = (0, 0)
and ∫∫ ∞
−∞
δ(x, y) dxdy = 1,
the function Il(u, v) becomes to be one at any spatial frequency (u, v). However,
the function Il(u, v) practically decreases in high spatial frequency in many cases
since it is hard to produce the ideal impulse illuminant. To solve this problem, in
the proposed method, the same illuminant il(x, y) is projected to a perfect specular
reflector in order to obtain the exact distribution of Il(u, v), and the intensity of
reflected light o′l(x, y) is measured, where it is assumed that the reflectance of the
perfect specular reflector are 1 and its PSF can be represented as two dimensional
Dirac delta, respectively. Therefore, o′l(x, y) is the same as il(x, y). The function
Il(u, v) can be calculated from the Fourier transformation of o′l(x, y). Finally, the
reflectance of paper rp is decided by following equation using the definition that
MTFp(0, 0) = 1 in Eq. (3.2):
rp =
∣∣∣∣Ol(0, 0)Il(0, 0)
∣∣∣∣ . (3.3)
3.2 Experiment of Measuring Paper’s MTF
3.2.1 Experimental system
An optical microscope (BX50, Olympus) was used for measuring ol(x, y) and o′l(x, y).
This microscope illustrated in Fig. 3.1 has two halogen light sources which illuminate
the sample from the front side (reflectance mode) and the back side (transmittance
mode), respectively. In this measurement, the reflectance mode is used. The in-
tensity distribution of pencil light il(x, y) is produced by closing iris and narrowing
down the light beam. A plastic plate coated with chrome and polished is used as the
perfect specular reflector (Fig. 3.2). The reflected lights, ol(x, y) and o′l(x, y), are ex-
posed with a digital monochrome camera (INFINITY4-11M, Lumenera corp., CCD,
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Light source
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Polarizers
Bandpass filter
Figure 3.1: The optical microscope having two light sources for reflectance and
transmittance measurements.
USB2.0) attached to the microscope where each pixel has 12-bit depth, maximum
resolution is 4008× 2672, and the sampling pitch on the captured image is 0.67 μm.
To convert the light source to white color, two Light Blue Daylight (LBD) filters
were placed in front of each light source. To eliminate the specular reflection compo-
nent, two polarizers were placed in front of the light source for reflectance mode and
the camera, respectively. For the spectral analysis, a bandpass filter can be placed
in front of the camera. Five types of bandpass filter are arranged, where the peak
wavelengths of spectral transmittance are 450, 500, 530, 550 and 600 nm, respec-
tively. When o′l(x, y) from the perfect specular reflector is measured, the polarizer
in front of the camera was detached.
3.2.2 Experimental results
The MTF of an inkjet printing paper (XP–101, Canon) having a coating of gloss is
measured. Figures 3.3(a) and (b) show measured images ol(x, y) (paper) and o′l(x, y)
(perfect specular reflector), respectively. Compared to o′l(x, y), the image ol(x, y) is
significantly blurred by the MTF of paper. Calculating the MTF in Eq. (3.2), the
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Figure 3.2: A perfect specular reflector: a plastic plate coated with chrome and
polished.
(a) ol(x, y) (b) o′l(x, y) (= il(x, y))
Figure 3.3: The reflection images of pencil light from (a) the gloss–coated inkjet
printing paper and (b) the perfect specular reflector.
threshold value eth was set to 0.020 empirically. Figure 3.4 shows a three-dimensional
plot of measured MTFp(u, v) with 550 nm bandpass filter. Figure 3.5 shows two-
dimensional plots of this MTF with respect to several deflection angles on the polar
coordinate. It shows the MTF of this paper is isotropic. The solid line in Fig. 3.5
indicates an empirically-determined approximation curve by
MTFp(f) ≈ 1√
1 + (2πfd)2
, (3.4)
where f is the spatial frequency and d is a fitting coefficient; in this case d = 0.0106.
Equation (3.4) is a square root of Lorentzian. Rogers also fitted the data of paper’s
MTF with the same equation [Rogers 1998b]. Inoue et al. fit their data with a
function [1 + (2πfd)2]−3/2 [Inoue et al. 1997]. This function is a little different
from Eq. (3.4), however, Rogers represents Eq. (3.4) would actually give a better fit
to their data, too. These discussions confirm high measurement accuracy of data
measured by the proposed method. Figure 3.6 shows MTFs with each bandpass
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filter. The shorter the peak wavelength of bandpass filter is, the higher the MTF is.
Photons having short wavelength cannot penetrate into deep point of paper since
its scattering power is strong, therefore, the MTF is high. However the difference
is not significant. It is considered that, in the scattering in paper, Mie-scattering
predominates compared to Rayleigh-scattering since the particle elaborating paper
bigger than the wavelength of light. Figure 3.7 shows the measured MTFs of other
types of paper for the offset printing such as a gloss–coated paper, a semi–gloss–
coated paper, a matte–coated paper and an uncoated paper produced by Mitsubishi
Paper Mills Limited. The coated types of paper have higher MTF than the uncoated
paper except for the inkjet printing paper. The inkjet printing paper has lower MTF
than all types of offset printing paper. It is considered that the inkjet printing paper
has a high scattering ability of light since it has a porous structure in coating layer
in order to increase the penetrating ability of ink into paper.
Four principal advantages of the proposed method and system are (1) simplicity:
only two images, ol(x, y) and o′l(x, y), need to be measured, (2) high accuracy:
the same approximation can be done to the measured data with the conventional
MTF model, (3) orientational dependency can be analyzed with Fig. 3.4, and (4)
wavelength dependency can be analyzed with Fig. 3.6.
3.3 Independency of MTF on projection profile
The proposed method in the sub–section 3.1 measures the projection profile il(x, y)
and its effect is canceled in Eq. (3.2). Therefore, theoretically, the measured MTF
is independent on the projection profile. However, practically, if the function Il(u, v)
has small values at the spatial frequency (u, v), the signal–to–noise ratio of MTFp(u, v)
becomes to be low. Therefore, accurate MTF can be measured by the projection
profile which has the enough high spatial frequency components. In other words,
the projected illuminant should be the profile which has
1. a small diameter, or
2. parts of sharp edge.
The profile illustrated in Fig. 3.3(b) has not so small diameter which is about 1
mm, however, it has several parts of sharp edge. Since the microscope system can
change the diameter of projection profile, the dependency of MTF is measured and
investigated on the projection profile (diameter). Figure 3.8 shows the difference
of measured MTF when the different diameter was used. In Fig. 3.8, the profile
#1 indicates the measurement result of Fig. 3.3(b), and the profile #2 has bigger
diameter than the profile #1, which is about 1.4 mm. Compared to the profile #1,
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Figure 3.4: A three-dimensional plot of measured paper’s MTFp(u, v) with 550 nm
bandpass filter.
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Figure 3.5: Two-dimensional plots of MTFp(u, v) with respect to several deflection
angles on the polar coordinate.
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Figure 3.6: Measured MTFs of the inkjet printing paper MTFp(u, v) with several
bandpass filters (Approximated curves using Eq. (3.4)).
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Figure 3.7: Comparing MTFs of various types of paper: an inkjet printing paper
and four types of offset printing paper which are gloss–coated, semi–gloss–coated,
matte–coated and uncoated.
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Figure 3.8: The difference of measured MTF when the different diameter was used:
1 mm (profile #1) and 1.4 mm (profile #2).
the MTF measured by the profile #2 has less data points since its signal–to–noise
ratio is lower and many data points are cut off by the threshold eth in Eq. (3.2).
However, The shape of MTFs are not different. Therefore, it is concluded that the
proposed method is independent on the diameter of projection profile.
3.4 Conclusion
A new method to measure the MTF of paper was proposed. The proposed method
is experimentally efficient since required measurements to calculate the MTF are
only two images: reflection images of a pencil light from paper and from a perfect
specular reflector. The proposed method has the high measurement accuracy since
the measured data can be approximated by the same function suggested by Rogers
[Rogers 1998b].
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Chapter 4
Analyzing Dependence of
Paper’s MTF on Geometric
Condition of Illuminant
In Chapter 3, a method was proposed to measure the paper’s MTF in specificgeometry where the angles condition of illuminating/viewing was 0◦/0◦. How-ever, 0◦/0◦ is not a general geometry when one measures the color or the density
of reflectance objects. One generally uses the 45◦/0◦ or the 0◦/45◦ geometries ex-
cept for the usage of integrating sphere. Therefore, the dependence of paper’s MTF
should be analyzed on the geometric condition. In this chapter, the paper’s MTF
is measured under different illumination angles θ at fixed viewing angle to 0 degree,
and the geometrical dependence of light scattering of paper is discussed. Unfortu-
nately, one cannot apply the proposed method described in Chapter 3 to measure
the paper’s MTF on arbitrary geometrical conditions since one cannot measure the
reflection from the perfect specular reflector if the illuminating and viewing angles
are different. In this chapter, efficiency and accuracy are sacrificed to some extent
for measuring the paper’s MTF.
4.1 Series–Expansion Bar–Target Technique
Rogers has proposed in his study [Rogers 1998b] the series-expansion bar-target
technique to measure the paper’s MTF. This method is applied to measure the
paper’s MTF on arbitrary illuminating angles. In this method, a bar target with
the transmittance distribution of square wave was superposed on paper and the
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intensity response of incident light was measured and analyzed. In this section, this
method is described using different formulas which is derived in Rogers’s study. The
bar target on the paper is illuminated and the reflectance is measured as a function
of position. Figure 4.1 shows the light transfer behavior of illuminated light in the
paper, where it is assumed that the multiple reflections between the bar target and
paper can be ignored. First, the incident light i1(x) transmits the bar target. Then
the intensity of light i2(x) is given by
i2(x) = i1(x)τ(x), (4.1)
where τ(x) is the transmittance distribution of bar target given by
τ(x) =
{
1 , na ≤ x < (n + 12) a
0 ,
(
n + 12
)
a ≤ x < (n + 1)a (4.2)
with
n = 0, 1, 2, ...,
where a is the period of bar target. The function τ(x) is shown in Fig. 4.2(a).
Secondly, the light is scattered by the PSF of paper, PSFp(x), and reflected by the
reflectance of paper rp. The intensity of light i3(x) is given by
i3(x) = i2(x) ∗ PSFp(x), (4.3)
where ∗ indicates the operation of convolution integral. Finally, the light transmits
the bar target again. The intensity of light i4(x) is given by
i4(x) = i3(x)τ(x). (4.4)
If i1(x) is spatially uniform, i.e., constant at any position x, a relative reflectance
r1→3(x) between i1(x) and i3(x) is given by
r1→3(x) = rp[τ(x) ∗ PSFp(x)]. (4.5)
Figure 4.2(b) shows the function r1→3(x). The MTF is defined as the absolute value
of Fourier transformed PSF. Therefore, from the Eq. (4.5), the MTF of paper is
given by
MTFp(u) =
1
rp
∣∣∣∣R1→3(u)T (u)
∣∣∣∣ with u : T (u) = 0, (4.6)
where R1→3(u) and T (u) are the Fourier transformations of r1→3(x) and τ(x),
respectively. In Eq. (4.6), r1→3(x) cannot be directly measured and one can just
measure a relative reflectance r1→4(x) between i1(x) and i4(x) given by
r1→4(x) = rp[τ(x) ∗ PSFp(x)]τ(x). (4.7)
38
Equation (4.7) is the same shape to the RIM. Figure 4.2(c) shows the function
r1→4(x). The function r1→3(x) can be reconstructed from r1→4(x):
r1→3(x) =
{
r1→4(x) , na ≤ x <
(
n + 12
)
a
rp − r1→4(x)
(
x− 12a
)
,
(
n + 12
)
a ≤ x < (n + 1)a (4.8)
The MTF can be calculated from Eqs. (4.6) and (4.8).
4.2 Experimental System
An experimental system was composed to measure the MTF of paper under θ/0 ge-
ometries for several illuminating angles of θ–degrees. Figure 4.3 illustrates the sys-
tem. Figure 4.4 shows a photograph of the system. The bar target (1951 USAF Glass
Slide Resolution Target [Positive], Edmund Optics) is superposed on paper. The
bar target consists of square wave patterns of vacuum-deposited durable chromium
printed on the thin glass plate. The fundamental frequency of square wave pattern
used here is 1.00 [lines/mm]. Two weights are put on the bar target to contact com-
pletely between the bar target and paper (the total weight is about 2 kg). The paper
is illuminated with the collimated tungsten light (ORIEL Stratford CT USA, Oriel
Corp.) by changing the incident angle. The light angle is controlled automatically
and accurately with the rotary stage. The reflected light from the paper is exposed
with the CCD camera (CCD RETIGA-4000RV, QImaging Corp.) in monochrome
mode at the angle of 0-degree. The standard lens (Micro Nikkor 60 mm, Nikon) is
attached to the camera. The light transmitted across the paper is absorbed by the
light trapping sheet (FLOCK PAPER #40, Edmund Optics).
4.3 MTF Measurement of Paper under Several Illumi-
nating Angles
4.3.1 Experiment and calculation of the MTF
Using the method and the experimental system described in the previous sections,
the MTF of a glossy paper (Q1991A, 240 [g/m2], HP) was measured under several
illuminating angles θ = 30, 45, 60, 75. To decrease the degradation of MTF by the
sampling process with the CCD, the bar target was given a tilt about 2.0 degrees
and the pre–sampling data was obtained using the method described in Ref. [Fujita
et al. 1992]. The MTF was measured under two conditions of measuring direction as
shown in Fig. 4.5. The azimuthal angle of Direction #1 is orthogonal with respect to
that of the incident light as shown in Fig. 4.5(a). The azimuthal angle of Direction
#2 is corresponding to that of incident light as shown in Fig. 4.5(b).
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Figure 4.1: The light transfer behavior of incident light into the bar target super-
posed on paper.
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Figure 4.2: The functions τ(x), r1→3(x) and r1→4(x).
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Figure 4.3: The system to measure the MTF of paper under the arbitrary illumi-
nating angle.
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Figure 4.4: A photograph of the system to measure the MTF of paper under the
arbitrary illuminating angle.
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(a) Direction #1 (b) Direction #2
Figure 4.5: Two kinds of measurement directions.
4.3.2 MTF of the camera system
The MTF calculated in the previous sub-section includes the MTFs of paper and
camera system. To calculate the pure MTF of paper, the MTF of camera system
was measured using the system illustrated in Fig. 4.6. A bar target (1951 USAF
Glass Slide Resolution Target [Negative], Edmund Optics) is directly superposed on
the light source. The fundamental frequency of square wave pattern used here is
0.250 [lp/mm]. The transmitted light from the bar target is exposed with the CCD
camera. The same light source and camera described in Section 4.2 were used. The
intensity of transmitted light iout(x) is given by
iout(x) = iin[τ(x) ∗ PSFs(x)], (4.9)
where PSFs(x) is the PSF of camera system and iin is the intensity of light source
which can be measured with the system in Fig. 4.6 without the bar target. The
MTF of camera system is given by
MTFs(u) =
1
iin
∣∣∣∣Iout(u)T (u)
∣∣∣∣ with u : T (u) = 0, (4.10)
where Iout(u) is the Fourier transformation of iout(x). The bar target was given
with a tilt about 2 degrees to obtain the pre–sampling data. Figure 4.7 shows the
measured MTF of camera system. The points indicate the measured data. The solid
line indicates the fitted curve with an empirical function given by
MTFs(u) ≈ k
2
u2 + k2
, (4.11)
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where k is a fitting coefficient and in this case k was equal to 17.97. The pure MTF
of paper can be calculated by the fraction between the MTF obtained in previous
sub-section and MTFs(u).
4.3.3 Result and discussion
Figures 4.8(a) and 4.8(b) show the examples of obtained function, r1→3(x)/rp,
and Fig. 4.9 shows the result of paper’s MTF at the Direction #1 illustrated in
Fig. 4.5(a). Under the Direction #1, the MTF is independent on the angle of illumi-
nation as shown in Fig. 4.9, and the shape of PSF is symmetric in Figs. 4.8(a)
and 4.8(b). Figures 4.8(c) and 4.8(d) show the examples of obtained function,
r1→3(x)/rp, and Fig. 4.10 shows the result of paper’s MTF when the measurement
direction is the Direction #2 illustrated in Fig. 4.5(b). Under the Direction #2, the
more increase the angle of illumination is, the more decrease the paper’s MTF is
as shown in Fig. 4.10. However, in the case of Direction #2, the probability of the
Fresnel multiple reflections would be increased at the interface between the printed
chromium of bar target and the paper substrate, and it would decrease the MTF of
paper. Therefore, it is considered that the MTF of paper itself does not significantly
change by the zenith angle of input light under both conditions of Direction #1 and
Direction #2. As shown in Figs. 4.8(c) and 4.8(d), the more increase the angle
of illumination is, the more asymmetric the paper PSF becomes. However, by the
same reason mentioned above, it is considered that the asymmetric property does
not significantly affect the optical dot gain.
4.4 Conclusion
In this chapter, the dependency of paper’s MTF on the condition of the illumination
angle was measured and analyzed. Characteristics of scattering of paper were ana-
lyzed under the illuminant with four zenithal angles (30, 45, 60 and 75 degrees) and
with two directions of bar target shown in Fig. 4.5. In the condition of Fig. 4.5(a),
the MTF of paper does not depend on the illuminating zenithal angle and the PSF
of paper has the symmetric distribution. In the condition of Fig. 4.5(b), the MTF of
paper was a little decreased according to increase of the zenithal angle of illuminant.
However, this result would be caused by the Fresnel multiple reflections between the
bar target and paper, and the dependency of paper’s MTF would not be significant
on the zenithal angle of input illuminant. Hence, it is considered that the MTF
of paper measured in the previous chapter can be applied under another zenithal
angles of input illuminant.
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Figure 4.6: The system for measuring the MTF of camera system.
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Figure 4.7: The MTF of camera system.
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and the measurement direction.
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Chapter 5
Analysis of Optical Dot Gain
and Print Simulation for
Evaluation of Image Quality
The optical dot gain can be explain by the MTF of paper substrate. In Chap-ter 3, the measurement method of paper’s MTF was described. Therefore,all components in the RIM can be measured except for the spatial transmit-
tance of ink layer using the reflection optical microscope. If the mechanical dot gain
is ignored, the spatial reflectance of halftone print can be simulated using RIM since
the transmittance of ink layer can be determined by computing using several digital
halftoning methods. The simulated reflectance of halftone print can directly be ap-
plied to the objective evaluation of image quality. Displayed on the high resolution
LCD, the simulated spatio-spectral reflectance can also be applied to the subjective
evaluation of image quality.
In this chapter, the optical dot gain is analyzed by changing the MTF of paper
in the RIM, and the spatial reflectance of halftone print is simulated with respect
to the monochrome halftone print. Through the print simulation, the image quality
is analyzed subjectively and objectively.
5.1 Conventional Method and its Problems
Inoue et al. have been proposed a method to analyze the effect of optical dot gain
using a fictitious print image [Inoue et al. 2000]. To make the fictitious print image,
a transparent film on which the halftone image is printed is superposed on several
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kinds of paper which have different MTF. The film was in close contact with paper
using a glass board as a weight. They applied the fictitious print image to make
subjects evaluate the observer rating value to analyze the relationship between the
image quality and MTF of paper. However, I’d like to suggest several problems in
their method.
Problem 1
The light scattering ability would be significantly increased by the glass board
as the weight since the multiple Fresnel reflections are occurred at the glass–
film interface. If the light scattering ability is increased, the optical dot gain
is also increased.
Problem 2
If the paper is changed, a lot of characteristics are changed not only the paper’s
MTF but also the reflectance, opacity and graininess of paper itself. These
changes would also affect the image quality.
Problem 3
The optical dot gain affects the tone reproduction of halftone print, however,
in practice, the nonlinearity of the tone reproduction by the dot gain is prelim-
inary corrected by the manufacture of the printer by controlling the nominal
dot coverage input into the printer. It means that if one analyzes the influence
that the paper’s MTF affects to the image quality, one should also prelimi-
nary remove the nonlinearity of the tone reproduction depending on the kinds
of paper which have different MTF. Their experiment did not consider that
problem.
5.2 Print Simulation Based on Computing
To solve problems of the conventional method described in the previous section,
the computing-based method is introduced in this chapter to analyze the effect of
optical dot gain. The analysis is performed using the spectral reflection image model
(SRIM) which is obtained by extending the RIM in Eq. (7.1) to the spectral form
with respect to each spatial coordinate (x, y). The spectral reflection image model
(SRIM) is given by
o(x, y;λ) = i(λ)F−1 [F {t(x, y;λ)}MTFp(u, v)] rp(λ)t(x, y;λ), (5.1)
where λ denotes wavelength, o(x, y;λ) is the spectrum of output light, i(λ) is the
spectrum of input light, r(x, y;λ) is the spatio-spectral reflectance of the color
halftone print, t(x, y;λ) is the spatio-spectral transmittance of the ink layer, and
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rp(λ) is the spectral reflectance of paper. To be exact, the function MTFp(u, v)
should also be a spectral form i.e. MTFp(u, v;λ). However, it is assumed the pa-
per’s MTF is independent on wavelength since the wavelength dependence of paper’s
MTF is not significant as described in Chapter 3.
In the computing-based analysis, one does not need to use any glass board as
the weight (for Problem 1). Since one can change only the paper’s MTF component,
one would analyze the “pure” influence that that the paper’s MTF affects the image
quality (for Problem 2). It is easy to correct the nonlinearity of the tone reproduction
by the dot gain by computing (for Problem 3). The following sub-sections describes
the procedure of print simulation.
5.2.1 Measuring spectral characteristics of ink and paper
Assuming spatial uniformity of ink transmittance for solid prints were t(x, y;λ) =
ts(λ) with a spatial constant value ts(λ), the light scattering effect in the paper can
be ignored mathematically in Eq. (5.1):
F−1{F{ts(λ)}MTFp(u, v)} = ts(λ),
and it is derived that
ts(λ) =
√
r(λ)/rp(λ)
r(λ) = o(λ)/i(λ)
, (5.2)
where r(λ) is the spectral reflectance of solid print. Therefore, t(λ) can be estimated
from the measured values of r(λ) and rp(λ).
5.2.2 Creating transmittance image of ink with respect to input
digital image
With respect to the input digital image having 8-bit quantization, the spatio-spectral
transmittance of ink layer is determined using digital halftoning methods. As exam-
ples, two kinds of density pattern methods are used in this chapter. One is with the
amplitude modulation (AM) screening, the other is with the frequency modulation
(FM) screening. The AM screening expresses tone using ink dots having different
size as shown in Fig. 5.1(a). The FM screening expresses tone using ink dots having
the same size by changing the number of dots as shown in Fig. 5.1(b). One pixel
of input digital image where the range of value is [0 - 255] is converted to one dot
on–off image having 16 × 16 pixels. Let the digital halftone image h(x, y) is ob-
tained. If the mechanical dot gain is ignored, the image h(x, y) can be converted to
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(a) AM screening
(b) FM screening
Figure 5.1: Screenings.
the spatio-spectral transmittance of ink layer t(x, y;λ) as
t(x, y;λ) =
{
ts(λ) at (x, y) where h(x, y) = 0
1 at (x, y) where h(x, y) = 1
. (5.3)
5.2.3 Creating reflectance image of print with various paper’s MTFs
The components rp(λ) and t(x, y;λ) of Eq. (5.1) were obtained. If one defines
the other components i(λ) and MTFp(u, v), the output spatio-spectral intensity
distribution of the print o(x, y;λ) can be calculated. Any spectra i(λ) can be used
as the simulation. The i(λ) was set to be CIE standard illuminant D65 as an example
in this chapter. From the discussion of Sub-section 3.2.2 in Chapter 3, the MTF of
paper can be defined as
MTFp(f) =
1√
1 + (2πfd)2
. (5.4)
As examples, twenty MTF curves were created in this chapter as shown in Fig. 5.2
using Eq. (5.4), where each parameter d is decided in condition that the following
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Figure 5.2: Generated twenty kinds of paper’s MTF by Eq. (5.4) where each d was
set to 3.50, 1.45, 0.847, 0.572, 0.417, 0.319, 0.252, 0.204, 0.167, 0.138, 0.116, 0.0977,
0.0820, 0.0689, 0.0572, 0.0471, 0.0375, 0.0284, 0.0187 and 0, respectively.
formula is equal to 5, 10, 15, . . . , 100 [%]:
∫ 5
0 MTFp(f)du
5
× 100, (5.5)
where the corresponded parameters d are 3.50, 1.45, 0.847, 0.572, 0.417, 0.319,
0.252, 0.204, 0.167, 0.138, 0.116, 0.0977, 0.0820, 0.0689, 0.0572, 0.0471, 0.0375,
0.0284, 0.0187 and 0, respectively. Assuming spatial isotropy, the one dimensional
MTFp(f) can be expanded to the two dimensional MTFp(u, v).
Finally, the function o(x, y;λ) is calculated by Eq. (5.1) for each λ.
5.2.4 Correcting nonlinearity of tone reproduction caused by opti-
cal dot gain
Let the reflection of patches of halftone print are simulated using the method de-
scribed in previous sub-sections. The simulated images o(x, y;λ) are affected by the
optical dot gain. Therefore, its tone reproduction has nonlinear property. As men-
tioned above, in practice, the nonlinearity of the tone reproduction is preliminary
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Figure 5.3: Tone reproduction without and with optical dot gain: in the case of with
optical dot gain, the MTF parameter d is set to 0.138.
corrected by the manufacture by controlling the nominal dot coverage input into the
printer. In this sub-section, a method to correct the nonlinearity is described. With
respect to all input digital value v where v = {0, 1, 2, . . . , 255}, the corresponded
ov(x, y;λ) is calculated. The spectral image ov(x, y;λ) is converted to CIE Y value
[Ota 2003] at each (x, y) given by
Yv(x, y) =
∫
vis ov(x, y;λ)y¯(λ)dλ∫
vis i(λ)y¯(λ)dλ
(5.6)
where y¯(λ) is the Y ’s color matching function of CIE XYZ color space and vis
indicates the visible wavelength with human eye where vis was set to [400 - 700
nm] in this research. The spatial average values Y¯v of Yv(x, y) with respect to the
input values v indicate the tone reproduction. Figure 5.3 shows examples of the tone
reproduction. One can see the nonlinearity between v and Y¯v. The nonlinearity level
depends on the resolution of print, the halftoning method and the parameter d of
paper’s MTF. One can calculate the tone reproduction without nonlinear property
using an equation given by
Y ′v =
Y¯255 − Y¯0
255
v + Y¯0. (5.7)
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The values v′ where Y ′v = Y¯v′ can be found with respect to all input values v using an
optimization algorithm. A look up table (LUT) between v and v′ is created. When
the print simulation is performed, the all pixel values v in the input digital image is
preliminary converted to v′ in order to correct the nonlinearity of tone reproduction.
5.3 Subjective Evaluation
In the previous section, a method of print simulation was introduced by simulating
the effect of optical dot gain using the MTF of paper. In order to analyze the image
quality and the characteristics of print, the simulated image o(x, y;λ) can be directly
applied to the objective evaluation, and the simulated image displayed on the high
resolution LCD can also be applied to the subjective evaluation. In this section, The
simulated image is evaluated by several subjects using an observer rating experiment
to analyze the relationship between the image quality and the MTF of paper.
5.3.1 Displaying the simulated halftone print image
In order to output the spectral image o(x, y;λ) on the display, o(x, y;λ) is converted
to CIE RGB tristimulus values given by
R(x, y) =
∫
vis o(x, y;λ)r¯(λ)dλ
G(x, y) =
∫
vis o(x, y;λ)g¯(λ)dλ
B(x, y) =
∫
vis o(x, y;λ)b¯(λ)dλ
, (5.8)
where r¯(λ), g¯(λ) and b¯(λ) are color matching functions of the CIE RGB space.
The RGB image cannot be directly output on the LCD since the image size is too
big. The size is 16 times of the original input digital image with respect to vertical
and horizontal lengths, respectively, since the original image is converted to the ink
dots distribution image. A down sampling is needed for the simulated RGB image.
To avoid the aliasing error, the low-pass filter (LPF) needs to be applied for the
simulated RGB image as the decimation filter before the down sampling. The down
sampled RGB image is displayed on the LCD after the gamma correction given by
V ′(x, y) = 255× {V (x, y)} 1γ , (5.9)
where V indicates R, G or B and γ is the gamma value of display.
5.3.2 Viewing distance
In this simulation, the pixel pitch (resolution) of simulated V ′(x, y) is not necessarily
corresponding to that of display. One can conform the each resolution by adjusting
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(a) (b)
Figure 5.4: Original images used for the printing simulation: (a) face and (b) flower.
the viewing distance from the display. Let V ′(x, y) is observed from the viewing
distance dp where the pixel pitch of V ′(x, y) is sp. The value sp corresponds to
the down sampled resolution of original halftone print. If one wants to observe the
V ′(x, y) using a display whose pixel pitch is sd, one should set the viewing distance
from the display to dd given by
dd = sddp/sp (5.10)
in order that visual viewing angle of displayed image is corresponded to that of
original halftone print.
5.3.3 Experimental setting
As a sample printer, a dye–based inkjet printer (W2200, Canon) was used. As a
sample paper, a glossy paper (XP–101, Canon) was used. As the input digital image
samples, a face image and flower image were used as shown in Fig. 5.4, where the
image size is 256× 256. The print resolution is assumed 100 [lines/inch] (LPI) and
1600 [dots/inch] (DPI). In the case of this resolution, the pixel pitch of print is
15.875 [μm]. A high–precision liquid crystal display (LCD) (FA–1570, Eizo) was
used to display the simulated image V ′(x, y), where the display size is 15–inch, the
resolution is QXGA (2048× 1536), the pixel pitch sd of the LCD is 0.149 [mm] and
the gamma value γ is equal to 2.2. The reason to use the LCD as a display is that
the MTF of LCD itself hardly decreases until its Nyquist frequency described in
detail in Chapter 2. Therefore, the MTF of viewing device can be ignored.
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5.3.4 Simulation procedure
The print simulation was performed as the following procedure.
1. To obtain ts(λ), a solid print was printed using black ink created by mixing
the cyan, magenta and yellow inks.
2. The spectral reflectance r(λ) of the solid patch was measured with a spec-
trophotometer (Lambda 18, Perkin Elmer).
3. To obtain rp(λ), the spectral reflectance r(λ) of the un–printed paper was
measured with the same spectrophotometer.
4. Using Eq. (5.2), the spectral transmittance of ink ts(λ) was estimated. Figure
5.5 shows rp(λ) and the estimated ts(λ).
5. The input digital image was converted to the image where the nonlinearity
of tone reproduction is corrected using the created LUT. Note that the LUT
for the nonlinearity correction needs to be preliminary created with respect to
each paper’s MTF used and each halftoning method used, respectively.
6. As the corrected image, the spectral image ov(x, y;λ) was calculated using
different paper’s MTFs as shown in Fig. 5.2 and different halftoning methods
(AM screening or FM screening). The spatial size of original image is 256×256,
therefore, that of ov(x, y;λ) is 4096× 4096 since one pixel of the input image
is expressed by 16× 16 dots matrix.
7. The gamma corrected RGB image V ′(x, y) was calculated.
8. The simulated V ′(x, y) was displayed on the high–precision LCD. Since the
image size 4096×4096 is too big to display on the LCD, it was down sampled to
one eighth with respect to vertical and horizontal directions, respectively, after
the decimation filtering. Therefore the image size of V ′(x, y) was 512 × 512.
In this case, the pixel pitch sp of V ′(x, y) is 0.254 [mm]. It was assumed that
the viewing distance dp is 500 [mm], and the dp becomes to be about 300
[mm] from Eq. (5.10). Therefore, the simulated V ′(x, y) was observed from
the viewing distance where dd = 300 [mm]. Figure 5.6 shows the difference
of appearance between different halftone screening methods with the same
paper’s MTF. The difference of graininess can be observed. Figure 5.7 shows
the difference of appearance between different paper’s MTF with the same
halftone screening method (AM). The difference of sharpness can be observed.
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Figure 5.5: The measured spectral reflectance of paper rp(λ) and the estimated
spectral transmittance of ink layer ts(λ).
5.3.5 Method of subjective evaluation
To analyze the relationship between the MTF of paper and the image quality, the
subjective observer rating evaluation experiment was performed with respect to
the simulated halftone print image V ′(x, y) by changing the paper’s MTF. The
evaluation was performed for each content corresponding to Face (AM), Face (FM),
Flower (AM) and Flower (FM), respectively. In this experiment, subjects observe
two images simultaneously, where one is the test image and the other is the reference
image. As the reference image, the simulated print image with a paper’s MTF is
selected, where the MTF is 50% in Eq. (5.5). Subjects compare the image quality
of test image to that of reference image. Subjects rate the test image in range
from −4 to +4 in nine successive categories, where the sign ‘−’ indicates that the
test image is worse than the reference image, the sign ‘+’ indicates that the test
image is better than the reference image, and the value 0 indicates the test image
is equal to the reference image with respect to the image quality, respectively. The
average rating values in all subjects are calculated as the scores of the image quality.
Figure 5.8 shows the screen of evaluation program. Figure 5.9 shows the evaluation
environment.
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(a) AM, MTF: 50% (b) FM, MTF: 50%
Figure 5.6: The simulated print images V ′(x, y) with respect to different halftone
screening methods.
(a) AM, MTF: 5% (b) AM, MTF: 50%
Figure 5.7: The simulated print images V ′(x, y) with respect to different paper’s
MTFs.
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-3
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Image quality is
better than reference
Image quality is
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Reference image
is set to the image
where the paper's MTF
is 50%.
Figure 5.8: Screen of evaluation program.
5.3.6 Result and discussion
Figure 5.10 shows the rating result of twelve subjects with respect to each content.
In the cases of Face (FM), Flower (AM) and Flower (FM), the observer rating value
(ORV) is increased as the increase of paper’s MTF. It is considered that the high
light scattering in paper decreases the sharpness of image. However, the increase
of ORV is saturated at the middle percentage of MTF. In the case of Face (AM),
too low MTF decreases the ORV as other contents, however, too high MTF also
a little decreases the ORV. It is considered that human is sensitive for the texture
of skin especially on the face. Therefore, the halftone structure of AM screening is
un–preferred. It is perceived as the undesirable graininess.
58
Figure 5.9: Experimental environment (actually in dark room).
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(d) Flower, FM
Figure 5.10: Observer rating values, where these plotted points are the average
rating values in twelve subjects and the vertical lines are the standard deviations.
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5.4 Objective Evaluation
In the previous section, the subjective evaluation was performed with respect to the
simulated print image displayed on the high resolution LCD. The simulated image
o(x, y;λ) can also be applied to the objective evaluation. In this section, a new
physical criterion is proposed to objectively evaluate the image quality of halftone
print.
5.4.1 Conventional criteria
Inoue has proposed a physical criterion named as IQFpaper [Inoue 1998] to evaluate
the image quality of halftone print, defined by
IQFpaper =
[∫∞
0 rp [{1 +MTFp(u)}/2]CSFv(u)d log u∫∞
0 CSFv(u)d log u
]2
, (5.11)
where CSFv(u) is the contrast sensitivity function of human eye. Since IQFpaper has
MTFp(u) in its formula, IQFpaper mainly evaluates the sharpness of halftone print.
However, as mentioned in the previous section, the granularity would also affect the
image quality of halftone print significantly in the case of AM screening especially.
The criterion IQFpaper does not consider the granularity.
Miyake et al. have proposed a physical criterion named as the Digital image
Quality Factor (DQF ) [Miyake et al. 1986] with respect to not the halftone print
but the digital image, defined by
DQF = (DQF1)2 · log2 DQF2, (5.12)
DQF1 =
∫∞
0 MTFs(u)CSFv(u)d log u∫∞
0 CSFv(u)d log u
, (5.13)
DQF2 =
DL
(DL/Q) + 2σ
, (5.14)
where MTFs(u) is the MTF of imaging system, DL is the density range which can
be represented by the imaging system, Q is the number of quantization levels, and
σ is the RMS granularity of the system. In Eq. 5.14, is σ is zero then DQF2 will
be equal to Q. As σ becomes larger, the effective number of quantization levels in
the digital image will decrease. Therefore, this function is similar to the definition
of information capacity for photographic film by Altman ans Zweig [Altman and
Zweig 1963]. Since DQF has MTFs(u) and σ in its formula, DQF evaluates both
the sharpness and the granularity of digital image.
Let us consider how DQF is applied to the halftone print image. With respect
to the sharpness, (DQF1)2 can be alternated to IQFpaper. With respect to the
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granularity, however, it is difficult to define σ of halftone print image since the
granularity caused by the halftone micro-structure is significantly dependent on the
tone level. In other words, the granularity significantly changes with the spatial
position of halftone print image.
5.4.2 Proposed full reference RMS granularity
In order to define the RMS granularity of halftone print image changing with the
spatial position, a full reference RMS granularity is proposed. The full reference
RMS granularity is given by
σdv =
1
lxly
∫ ly
0
∫ lx
0
{
drefv (x, y)− dv(x, y)
}
dxdy, (5.15)
dv(x, y) = − log10 F−1[F{Y (x, y)}CSFv(u, v)], (5.16)
drefv (x, y) = − log10 F−1[F{Y ref (x, y)}CSFv(u, v)], (5.17)
where lx and ly are the horizontal and vertical lengths of image, respectively, and
CSFv(u, v) is the two dimensional CSF of human eye calculated from the CSFv(u)
assuming the spatial isotropy. Equations (5.16) and (5.17) indicate the translation to
the density space. The function Y (x, y) is the CIE Y image corresponding to Yv(x, y)
in Eq. (5.6) calculated from o(x, y;λ). The function Y ref (x, y) is the reference image
of Y (x, y), where Y ref (x, y) is not affected by the granularity caused by the halftone
micro-structure. In the print simulation in this chapter, one pixel of input digital
image where the range of value is [0 - 255] is converted to one dot on–off image
having 16× 16 pixels. Hence, Y ref (x, y) was obtained as follows in this research.
1. Let l′x = lx/16 and l′y = ly/16.
2. The image Y (x, y) is down-sampled to l′x × l′y by the area average.
3. The down-sampled image is up-sampled to lx × ly by the nearest-neighbor
interpolation. The up-sampled image is Y ref (x, y).
Since the proposed RMS granularity σdv considers the change of granularity with
the spatial position, it would be suitable to evaluate the granularity of halftone print
image.
5.4.3 CSF of human eye
As the CSF of human eye, a model proposed by Mannos et al. [Mannos and Sakrison
1974] was introduced because of its simplicity, which is given by
CSFv(f) =
{
1 when f = 0
2.6 (0.0192 + 0.114f) exp
{
− (0.114f)1.1
}
otherwise
, (5.18)
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where f denotes the spatial frequency expressed in cycles/degree. One has to trans-
late cycles/degree to cycles/mm.
u[cycles/mm] = f [cycles/degree] · 180
πd
, (5.19)
where d is the viewing distance which was set to 300 mm in the subjective evaluation.
The function CSF(u) expressed in cycles/mm is applied to Eqs. (5.16) and (5.17)
by extending to two dimensional CSF(u, v) assuming spatial isotropy.
5.4.4 Proposed criterion
By applying the proposed full reference RMS granularity σdv to the conventional
criterion DQF defined in Eqs. (5.12), (5.13) and (5.14), a new physical criterion
DQFhalftone is proposed to evaluate not only the sharpness but also the granularity
of halftone print image. The proposed criterion DQFhalftone is given by
DQFhalftone = IQFpaper · log2 DQFdv, (5.20)
DQFdv =
DL
(DL/Q) + 2σdv
. (5.21)
5.4.5 Validity of proposed criterion
In order to compare the validity of conventional and proposed criteria IQFpaper and
DQFhalftone, the correlation was analyzed between these criteria and the average
observer rating value (ORV) obtained in the previous section.
Figure 5.11 shows the correlation between IQFpaper and the ORV. In the case of
FM screening, IQFpaper was well correlated to the ORV since the correlation coef-
ficients were 0.97 (Face) and 0.94 (Flower). In the case of AM screening, IQFpaper
was also well correlated to the ORV since the correlation coefficients were 0.79 (Face)
and 0.91 (Flower), however, the correlation coefficients were lower than the case of
FM screening. It is considered that IQFpaper does not consider the granularity and
AM screening causes the high granularity.
Figure 5.12 shows the correlation between DQFhalftone and the ORV. The cor-
relation coefficients in AM screening were 0.87 (Face) and 0.98 (Flower). These are
significantly higher compared to IQFpaper. It is considered that DQFhalftone accu-
rately evaluates the granularity. On the other hand, The correlation coefficients in
FM screening were 0.95 (Face) and 0.90 (Flower). These are a little lower compared
to IQFpaper. The granularity in FM screening is distributed at the high spatial
frequency, however, the decimation filtering in Sub-section 5.3.1 erases the high spa-
tial frequency components in order to display the simulated halftone print image
on the LCD. From this reason, it is considered that observers underestimated the
granularity of FM screening in the subjective evaluation.
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Figure 5.11: Correlation between IQFpaper and ORV (CC: correlation coefficient).
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Figure 5.12: Correlation between DQFhalftone and ORV.
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5.5 Relationship between Amount of Ink and Optical
Dot Gain
The optical dot gain makes the middle tone to be dark. In other words, the higher
density can be expressed with a little amount of ink. It is a merit of the optical dot
gain (or the lower paper’s MTF). As mentioned above, the increase of the image
quality with respect to the paper’s MTF is saturated at the middle percentage of
MTF. Therefore the paper’s MTF should be as low as possible for the usage of a
little amount of ink. In the print simulation method described in section 5.2, the
amount of ink to print can be estimated using the halftone image of ink layer h(x, y).
The ink coverage a has a relation for the amount of ink, and it can be calculated by
a =
1
lxly
∫ ly
0
∫ lx
0
{1− h(x, y)}dxdy, (5.22)
where lx and ly are the horizontal and vertical lengths of the halftone image h(x, y),
respectively. Table 5.1 shows an example for the relative ink coverages of the print
image with respect that the paper’s MTF is 100%. In this example, the two images
looks similar, however, the usage of ink amount is reduced about one out of ten
comparing to the case MTF is 100%. In this matter, an optimal paper’s MTF
would be decided from the image quality and the usage of ink amount.
5.6 Conclusion
In this chapter, the optical dot gain was analyzed by changing the MTF of paper
in the SRIM, and the appearance of monochrome halftone print is simulated. The
simulated halftone print image was applied to both the subjective evaluation and
the objective evaluation of image quality.
The subjective evaluation was performed with respect to the simulated halftone
print image displayed on a high resolution LCD. The result shows the following
things. The lower paper’s MTF decreases the image sharpness (bad point) and
decreases the image graininess (good point). The higher paper’s MTF increases the
image sharpness (good point) and increases the image graininess (bad point). In the
particular case like human skin, the high granularity with the high paper’s MTF is
un–preferred.
As the objective evaluation, a new physical criterion DQFhalftone was proposed.
The proposed criterion DQFhalftone is defined using the full reference RMS granu-
larity σdv, where σdv was proposed in order to evaluate the granularity of halftone
print image, which changes significantly with the spatial position. The proposed
criterion DQFhalftone was well correlated to the observer rating value (ORV).
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Table 5.1: Relative ink coverage (amount) with respect to the MTF percentage.
MTF
percentage
50% 100%
Relative ink
coverage
0.91 1.00
As an example of the other objective analysis, an estimation of ink amount to
print was also performed. The optimal paper’s MTF would be decided from the
image quality and the usage of ink amount.
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Chapter 6
A Method to Estimate
Transmittance of Ink Layer for
Analysis of Mechanical Dot
Gain
In Chapter 3, a method was proposed to easily measure the MTF of paper, andthe MTF of paper is empirically modeled. In Chapter 5, the effect of opticaldot gain was analyzed by the model of paper’s MTF, and the printed image was
simulated by computing. However, in the case of real print, the optical dot gain
and the mechanical dot gain are observed simultaneously. Therefore, it is difficult
to separately analyze two kinds of dot gain.
According to the RIM, the reflectance spatial distribution of printed paper can
be predicted by the transmittance spatial distribution of ink layer, the reflectance of
paper, and the MTF of paper. Compared to the macroscopic analysis, the RIM has
advantages that the mechanical dot gain effect can be expressed by the transmittance
spatial distribution of ink layer and the optical dot gain effect can be expressed by
the MTF of paper. If the information of the transmittance spatial distribution of
ink layer can be obtained, it can be applied to analyze only the mechanical dot gain.
However, it is difficult to directly measure the the transmittance spatial distribution
of ink layer.
In this chapter, a numerical calculation method is proposed to effectively estimate
the transmittance spatial distribution of ink layer. The estimated transmittance
spatial distribution of ink layer can be applied to analyze just the mechanical dot
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gain.
6.1 Problem of Reflection Image Model
The equation of RIM is written here again:
r(x, y) = F−1 [F {t(x, y)}MTFp(u, v)] rpt(x, y). (6.1)
The transmittance spatial distribution t(x, y) expresses the mechanical dot gain ef-
fect. The paper’s modulation transfer function MTFp(u, v) expresses the optical
dot gain effect. The two reflectance components r(x, y) and rp can be easily mea-
sured with a reflection optical microscope. The method was proposed to measure
MTFp(u, v) in Chapter 3. Therefore, the transmittance function t(x, y) cannot only
be measured with the same microscope, and it should be obtained for the dot gain
separation since t(x, y) is affected only by mechanical dot gain and is not affected
by optical dot gain. However, it is difficult to mathematically solve Eq. (6.1) with
respect to t(x, y) since two transmittance functions t(x, y) are located in inside and
outside of the Fourier operations, respectively. The problem is that how one can
obtain t(x, y).
6.2 Conventional Method to Obtain Transmittance of
Ink Layer
Koopipat et al. and Yamashita et al. have proposed that t(x, y) can be measured with
a “transparent” optical microscope [Koopipat et al. 2002; Yamashita et al. 2003].
They made a microscope having two light sources where one illuminates the sample
from the upper side for the reflectance measurement (Reflection mode) and the
other illuminates the sample from the back side for the transmittance measurement
(Transparency mode). They measured r(x, y) and rp with the reflection mode and
measured t(x, y) with the transparency mode. To measure t(x, y), they used the
transparency image model given by
o(x, y) = itpt(x, y), (6.2)
where o(x, y) is the spatial intensity distribution of output light from the halftone
print, i is the intensity of input light having spatial uniformity and tp is the trans-
mittance of paper. One can obtain t(x, y) from the measurements of o(x, y), i and
tp with the transparency mode using the equation given by
t(x, y) =
o(x, y)
itp
. (6.3)
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However, I’d like to remark to several problems of their method.
Problem 1
The special microscope having two light sources is needed.
Problem 2
If the paper has a high thickness, the measurements of o(x, y) and tp are
diffucult since little amount of light is transmitted.
Problem 3
A lot of paper have a deep fiber structure in the transmittance image especially
in the uncoated paper. It means that the assumption is not valid that tp is
spatially uniform in Eq. (6.2). Of course the reflectance of paper rp in the RIM
in Eq. (6.1) also has the fiber structure, however, the non–uniformity level is
less significant than tp. Figure 6.1 shows the fiber structure of an uncoated
paper in rp and tp.
Problem 4
If one uses t(x, y) measured with the transparent microscope to predict r(x, y)
by Eq. (6.1), the prediction accuracy is significantly poor. This experimental
fact is caused by a problem hiding in the RIM itself. Let a solid patch of print
is considered in the RIM. It means t(x, y) = tcons with a constant value tcons.
In this case, Eq. (6.1) can be converted to the form given by
r(x, y) = rcons = rp(tcons)2. (6.4)
Equation (6.4) suggests that the reflectance rcons is proportional to (tcons)2.
However, Eq. (6.4) is not valid in real case especially in the case that tcons has
a small number corresponding that the ink has high density. It is caused by
the effect of specular reflection, the light scattering effect in ink layer, and the
geometrical difference of measurement between r(x, y) and t(x, y).
6.3 Proposed Method: Computational Estimation
Several problems of the conventional method were described in the previous sec-
tion. Problem 4 is the most serious problem since it indicates that the measured
t(x, y) with any measurement methods would not be working in the RIM. If one
uses the RIM, one has to obtain t(x, y) as a function which is consistent with the
RIM. To solve this problem, in this chapter, a method is proposed to obtain t(x, y)
which is consistent with the RIM not by the measurement-based method but by an
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(a) (b)
Figure 6.1: Reflectance and transmittance images of an uncoated paper: (a) re-
flectance, and (b) transmittance.
estimation-based method. As mentioned above, all components in the RIM have al-
ready been measured except for t(x, y). Therefore, one would estimate t(x, y) using
these components. The proposed solution is an iterative algorithm as a following
procedure.
1. Arbitrary spatial distribution is set to t(x, y) (Initialization).
2. One substitutes t(x, y) to Eq. (6.1) and obtained a predicted rˆ(x, y).
3. A signed prediction error function e(x, y) is calculated:
e(x, y) = r(x, y)− rˆ(x, y). (6.5)
4. A root mean square error (RMSE) of e(x, y) is calculated:
e =
√
1
lxly
∫ ly
0
∫ lx
0
{e(x, y)}2dxdy. (6.6)
where lx and ly are the horizontal and vertical lengths of image e(x, y), respec-
tively.
5. If the RMSE e is sufficiently small value, the iteration is stopped. The current
t(x, y) is the estimation result.
6. One sets t(x, y) + e(x, y) as a new t(x, y).
7. Return to process 2.
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6.4 Experiment of Estimating the Transmittance Dis-
tribution of Ink Layer
In the previous section, a method was proposed to estimate the transmittance spa-
tial distribution t(x, y). In this section, the effectiveness evaluation experiment is
performed.
6.4.1 Experimental system and procedure
As experimental samples, several patches were printed using an inkjet printer (W2200,
Canon) with dye-based cyan ink on a glossy paper (XP-101, Canon). The nominal
dot coverage of the patches were set to 20%. The word “nominal dot coverage”
indicates the dot coverage input into printer. The reflection image (spatial dis-
tribution) was measured with the reflection optical microscope (BX-50, Olympus)
attached with the monochrome CCD camera (INFINITY4-11M, Lumenera Corp.,
12bit quantization, USB 2.0) which is the same microscope system used in Chapter
3. The maximum resolution of this camera is 4008× 2672. For the fast calculation
of FFT, the central region 2048 × 2048 was used for the analysis. The measured
reflection images were converted to the reflectance images r(x, y) by dividing with a
reflection image of white reference measured with the same microscope system. The
reflectance of paper rp was obtained from the spatial average of r(x, y) with respect
to the measurement of un-print paper. The MTF of the glossy paper MTFp(u, v)
was obtained by the measurement method proposed in Chapter 3. The function
MTFp(u, v) was approximated by
MTFp(u, v) ≈ 1√
1 + (2πd)2(u2 + v2)
, (6.7)
where the parameter d of this glossy paper was 0.073. Using obtained r(x, y), rp and
MTFp(u, v), the transmittance spatial distribution of ink layer t(x, y) was estimated
by the proposed method described in the previous section.
6.4.2 Decrease of estimation error as iteration number
Figure 6.2 shows an example of the variation of logarithmic error with respect to the
iteration number when the nominal dot coverage is 20%. The estimation error is de-
creased exponentially and monotonically and converges. This result experimentally
proves the stability of the proposed method.
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Figure 6.2: Decreasing prediction error with iteration number.
6.4.3 Independence of convergence time on initialization
The first procedure of the proposed iterative algorithm is initialization of t(x, y).
Two types of initialization is tried and the change of estimation error is observed.
The two types of initialization function tini(x, y) were set by
tini(x, y) = 0.5 (6.8)
and
tini(x, y) =
√
r(x, y)/rp. (6.9)
If one sets MTFp(u, v) = 1 to Eq. (6.1), one obtains Eq. (6.9). Therefore, Eq. (6.9)
would be closer function to the correct t(x, y) than Eq. (6.8). The red line in Fig. 6.2
indicates the case that Eq. (6.8) was set as the intial t(x, y). The blue line indicates
the case that Eq. (6.9) was set as the intial t(x, y). This result shows the ingenuity of
initialization decreases the iteration number a little, however, a significant difference
does not exist.
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6.4.4 Result of estimation
Figures 6.3 (a) and (b) show the measured and estimated t(x, y) by the conventional
and proposed methods, respectively. Compared to the result of conventional method,
the result of proposed method has lower density in the ink regions. It indicates the
estimated t(x, y) as a function which is consistent with the RIM. Figure 6.4(a) shows
the measured reflectance image r(x, y). Figure 6.4(b) shows the predicted reflectance
image rˆ(x, y) by the right-hand side of Eq. (6.1) using the estimated t(x, y). The
predicted image is significantly close to the measured image. It proves the validity
of the proposed method.
6.5 Removal of Optical Dot Gain
Since the estimation method of t(x, y) was proposed in this chapter, one can measure
or estimate the all components of RIM in Eq. (6.1) corresponding to r(x, y), rp,
t(x, y) and MTFp(u, v). If one sets MTFp(u, v) = 1, one can simulate the reflectance
image r′(x, y) not affected by the optical dot gain. Figure 6.5 shows the simulated
image r′(x, y). Compared to Fig. 6.4(a), Fig. 6.5 looks brighter and sharper. This
simulated image r′(x, y) can be applied to analyze the influence which the optical
dot gain affects the image quality of halftone print in detail. Since the images r′(x, y)
and t(x, y) express the charasteristic of ink itself. one would apply r′(x, y) and t(x, y)
to analyze and develop new ink product in industries.
6.6 Conclusion
In this chapter, a method was proposed to estimate the trasmittance spatial dis-
tribution of ink layer t(x, y). The estimation was done by an iterative algorithm.
The proposed algorithm can estimate t(x, y) stably and accurately. The estimated
t(x, y) was applied to separate the optical dot gain and the mechanical dot gain by
removing the optical dot gain effect from the reflectance image r(x, y) of halftone
print.
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(a) Conventional (b) Proposed
Figure 6.3: Measured and estimated transmittance spatial distribution of ink layer
by conventional and proposed methods, respectively.
(a) Measured (b) Predicted
Figure 6.4: Measured and predicted reflectance spatial distribution of halftone print.
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Figure 6.5: Simulated image of reflectance removing the optical dot gain effect.
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Chapter 7
A Method to Separately Model
Optical Dot Gain and
Mechanical Dot Gain
In Chapter 3, a method to measure paper’s MTF was proposed. In Chapter 6,a method to estimate the transmittance image of ink layer was proposed. Itsignifies that one can obtain all components of the RIM described in Eq. (1.10)
using the reflection optical microscope. The equation of RIM is written here again:
r(x, y) = F−1 [F {t(x, y)}MTFp(u, v)] rpt(x, y). (7.1)
In this chapter, a method is proposed to separately model the optical dot gain and
the mechanical dot gain.
7.1 Conventional Spectral Prediction Models and its
Problem
The Neugebauer model [Neugebauer 1937] predicts the CIE XYZ tristimulus values
of a color halftone patch as the sum of the tristimulus values of their individual
colorants weighted by their fractional area coverages ai. By considering instead
of the tristimulus values of colorants their respective reflection spectra ri(λ), one
obtains the spectral Neugebauer model [Hersch et al. 2005] given by
r(λ) =
∑
i
airi(λ), (7.2)
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where r(λ) is the spectral reflectance of color halftone patch and i indicates the
color of ink. In color prints using three inks, cyan, magenta and yellow, for example,
i indicates cyan c, magenta m, yellow y (primary colors), red r, green g, blue b
(secondary colors), black k (tertiary color) or white p (paper). The spectra ri(λ)
corresponds to the solid prints spectra using the ink i. Equation (7.2) is a simple
linear equation with the parameters ai. However, Eq. (7.2) cannot predict the
spectra precisely because of dot gain. First, the mechanical dot gain changes the
nominal dot coverage ai. The changed real dot coverage is called as the effective
dot coverage. Secondly, if one obtains the effective coverage by methods of some
kind, the prediction accuracy of Eq. (7.2) still poor because of the optical dot gain.
Yule and Nielsen proposed their model to correct the prediction error caused by the
optical dot gain for the black and white prints [Yule and Nielsen 1951]. Viggiano
applied the Yule-Nielsen model to the spectral Neugebauer model, and obtained the
Yule-Nielsen modified spectral Neugebauer model given by
r(λ) =
{∑
i
airi(λ)1/n
}n
. (7.3)
Equation (7.3) is a nonlinear equation which corrects the prediction error caused
by the optical dot gain by a parameter n. However, if one does not know the
effective dot coverage, unknown parameters in Eq. (7.3) are ai and n. Therefore,
one has to measure a lot of spectra of color halftone patches in order to estimate
these parameters by a nonlinear optimization. It has problems in the measurement
and optimization efficiencies. To solve these problems, in following sections, a new
prediction model and prediction procedure are proposed.
7.2 Dot Gain Separation by Canceling Paper’s MTF Ef-
fect
According to the SRIM, the spatio-spectral reflectance of halftone print r(x, y;λ) is
approximated by
r(x, y;λ) = F−1 [F {t(x, y;λ)}MTFp(u, v)] rp(λ)t(x, y;λ), (7.4)
In Eq. (7.4), the mechanical dot gain effect is expressed in t(x, y;λ), and the optical
dot gain effect is expressed in MTFp(u, v).
The reflectance functions r(x, y;λ) and rp(λ) in Eq. (7.4) can be measured with
the reflection optical microscope attached with a liquid crystal tunable filter (LCTF)
as shown in Fig. 7.1. The function MTFp(u, v) can also be measured with the
76
LCTF
Monochrome
CCD camera
Figure 7.1: The reflection optical microscope attached with a liquid crystal tunable
filter (LCTF).
microscope by the proposed method discribed in Chapter 3, where it was mentioned
that the paper’s MTF can be approximated by
MTFp(u, v) ≈ 1√
1 + (2πd)2(u2 + v2)
. (7.5)
The transmittance function t(x, y;λ) can be estimated by extending the proposed
iterative algorithm described in Chapter 6 to the spectral analysis. The spectral
version of the iterative algorithm is shown in Fig. 7.2. Figure 7.3 shows an example
of the measured spatio-spectral reflectance of a color halftone print r(x, y;λ). Figure
7.4 shows the corresponded example of the estimated spatio-spectral transmittance
of the ink layer t(x, y;λ). These figures are converted to CIE RGB images under
D65 light source, respectively. The spatio-spectral transmittance t(x, y;λ) has only
the effect of mechanical dot gain and does not have the effect of optical dot gain.
Therefore, The image t(x, y;λ) is suitable for estimating the effective dot coverage
in Eq. (7.3).
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Figure 7.2: Flow chart of the iterative algorithm to estimate the spatio-spectral
transmittance of ink layer.
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Figure 7.3: A measured spatio-spectral reflectance.
Figure 7.4: An estimated spatio-spectral transmittance.
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7.3 Proposal Spectral Prediction Models
7.3.1 Transmittance-based spectral Neugebauer model
An spatial average value t¯(λ) of the spatio-spectral transmittance of ink layer t(x, y;λ)
would be modeled by a linear equation like Eq. (7.2) since these functions t(x, y;λ)
and t¯(λ) are not incurred by the optical dot gain. Then, a transmittance-based
spectral Neugebauer model is proposed given by
t¯(λ) =
∑
i
ait¯i(λ) (7.6)
with constraints
0 ≤ ai ≤ 1 and
∑
i
ai = 1, (7.7)
where i contains c, m, y, r, g, b, k and p when three primary inks are used, t¯(λ) is the
spatial average value of t(x, y;λ) and t¯i(λ) is the spatial average value of t(x, y;λ)
for the solid prints of each color i. Note that when i denotes p, t¯i(λ) indicates the
transmittance of ink layer without ink, therefore
t¯p(λ) = 1. (7.8)
Equation (7.6) is a linear equation having parameters ai. The effective dot
coverages ai can be easily estimated by the constrained least square method.
7.3.2 Transmittance-based Yule-Nielsen modified spectral Neuge-
bauer model
Let the optical dot gain effect is ignored in SRIM in Eq. (7.4). It corresponds that
MTFp(u, v) = 1. (7.9)
Therefore, Eq. (7.4) is converted as
r(x, y;λ) = {t(x, y;λ)}2 rp(λ). (7.10)
In this case, the spatial average value r¯(λ) of r(x, y;λ) is given by
r¯(λ) = {t¯(λ)}2 rp(λ). (7.11)
According to Eq. (7.11), a transmittance-based Yule-Nielsen modified spectral Neuge-
bauer model is proposed given by
r¯(λ) =
{∑
i
ai
[
{t¯i(λ)}2 rp(λ)
]1/n}n
. (7.12)
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Using the parameter n, Eq. (7.12) re–expresses the optical dot gain effect which
is ignored in Eq. (7.10). The unknown parameter is only n in Eq. (7.12) since the
effective dot coverages ai has been already estimated in Sub–section 7.3.1. Therefore,
it can be easily estimated by a nonlinear optimization.
7.4 Evaluation of Validity
In this section, the effectiveness is evaluated for the prediction models proposed in
the previous section. The verification flow is shown in Fig. 7.5.
7.4.1 Experimental equipments and conditions
As measurement samples, color patches were used with cyan and magenta inks
printed with an offset printer on a coated paper (ISO12642, JAPAN COLOR 2007).
The nominal dot coverages of the patches are all cyan–magenta combinations of 0,
0.20, 0.40, 0.70 and 1.00, respectively. The total number of samples is therefore
twenty five. The spectral images of sample patches were measured with a reflection
optical microscope (BX50, Olympus) attached with a LCTF (VariSpec Cis Corp.,
CRI) and with a monochrome CCD camera (INFINITY4–11M, Lumenera Corp.,
12–bit quantization, USB 2.0). The images were captured with a resolution of
2048 × 2048. An objective lens whose magnification power is 4× was used and,
in this case, the vertical and horizontal pixel pitches are 1.96 μm. The spectral
resolution of the measurement was set to 30 nm in the interval of wavelength 430
- 700 nm [10 bands]. To remove the specular reflection component, two polarizers
were attached in front of the camera and the light source, respectively. Divided by
a spectral image of white reference, the measured images were converted to spatio-
spectral reflectance factor r(x, y;λ). The MTF of the coated paper was preliminary
measured by the proposed method described in Chapter 3, and the parameter d was
obtained in Eq. (7.5) where d = 0.030.
7.4.2 Prediction verification of average spectral transmittance
Using the MTF of the coated paper and the proposed method of numerical calcu-
lation described in Chapter 6, the spatio-spectral transmittance t(x, y;λ) was esti-
mated from the measured spatio-spectral reflectance r(x, y;λ). Next, the average
transmittance t¯(λ) was calculated from t(x, y;λ). Next, the effective dot coverage
ai of each ink i was estimated by Eq. (7.6), respectively. Next, the prediction spec-
trum t¯′(λ) was calculated using estimated ai and Eq. (7.6). Finally, the predicted
transmittance spectrum t¯′(λ) was compared to the correct spectrum t¯(λ) which is
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Figure 7.5: Flowchart of verification.
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estimated by the iterative algorithm (Fig. 7.5, Verification (1)). Figure 7.6 shows
the several examples of results. The ΔE94 [Fairchild 2005] values were evaluated
with respect to all sample patches between the correct and predicted spectra. The
prediction accuracy was significant since the average and maximum ΔE94 of all sam-
ples were 0.26 and 0.64, respectively. It can be concluded that the proposed linear
equation (7.6) is valid in transmittance t¯(λ) space which is not be affected by optical
dot gain.
7.4.3 Prediction verification of average spectral reflectance
The Yule–Nielsen’s parameter n was estimated by Eq. (7.12). As a learning data for
the nonlinear optimization, only one sample patch was used, where the nominal dot
coverage (cyan, yellow) = (0.40, 0.40). The estimated n was equal to 1.99. Next,
using the effective dot coverages ai estimated in the previous sub–section and the
estimated Yule–Nielsen’s parameter n, the prediction spectra r¯′(λ) were calculated
with respect to all sample patches by Eq. (7.12). Finally, the predicted reflectance
spectra r¯′(λ) were compared to the measured spectra r¯(λ) (Fig. 7.5, Verification
(2)). Figure 7.7 shows the several examples of results. The ΔE94 values were also
evaluated between the measured and predicted spectra. The prediction accuracy
was significant since the average and maximum ΔE94 of all samples were 0.62 and
1.37, respectively. It can be concluded that the proposed nonlinear equation (7.12)
is valid.
7.5 Conclusion
In this chapter, a method was proposed to separately model the optical dot gain and
the mechanical dot gain of color halftone prints. First, the spatio-spectral reflectance
was measured using a microscope attached with a liquid crystal tunable filter. Sec-
ondly, the spatio-spectral reflectance affected by both mechanical and optical dot
gain was converted to the spatio-spectral transmittance of ink layer affected by only
mechanical dot gain by canceling the light scattering effect in paper by computing.
Thirdly, the optical dot gain and the mechanical dot gain were separately mod-
eled as the transmittance-based spectral Neugebauer model and the transmittance-
based Yule-Nielsen modified spectral Neugebauer model. Finally, the spectral re-
flectance of offset printing image with cyan and magenta inks was predicted by the
transmittance-based Yule-Nielsen modified spectral Neugebauer model. The predic-
tion accuracy was significant since the average value of ΔE94 in all samples was less
than 1. In this chapter, the training samples and testing samples for the prediction
were the same. However, combining the proposed model and Demichel’s equation,
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Figure 7.6: Prediction of spectral transmittance.
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Figure 7.7: Prediction of spectral reflectance.
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one can predict the spectral reflectance of color patches generated by the arbitral
input from the limited number of measurements.
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Chapter 8
Prediction of Spatio-Spectral
Reflectance
In Chapter 7, a prediction model for the spectral reflectance of halftone print was
proposed. The proposed method can separately analyze the mechanical dot gain and
the optical dot gain. However, for the evaluation of image quality, it is important to
analyze not only the spectral information of print but also the microscopic spatial
information of halftone structure.
In this chapter, a method is proposed to predict not only spectral but also spatial
characteristics of reflectance, i.e., the “spatio-spectral” reflectance.
8.1 Neugebauer Modified Spectral Reflection Image Model
(NMSRIM)
The spectral Neugebauer model described in Eq. (7.2) simply expresses the spectral
reflectance of the halftone print as the limited number of base functions ti(λ) and
their weights ai. The number of i is only eight when three primary inks are used;
cyan, magenta and yellow. In this section, the concept of the Neugebauer Model is
applied to the SRIM to increase the efficiency of prediction. As an extended version
of the SRIM, a new spectral prediction model is proposed, named as a Neugebauer
modified spectral reflection image model (NMSRIM).
According to the concept of Eq. (7.6), the spatio–spectral transmittance distri-
bution of ink layer t(x, y;λ) is approximated by an equation given by
t(x, y;λ) =
∑
i
Ai(x, y)t¯i(λ), (8.1)
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where
Ai(x, y) =
{
1 where ink of color i exists
0 otherwise
(8.2)
with constraints
1
lxly
∫ ly
0
∫ lx
0
Ai(x, y)dxdy = ai, (8.3)
∑
i
Ai(x, y) = 1 at all positions in (x, y), (8.4)
and
Ai(x, y) ·Aj(x, y) = 0 when i = j. (8.5)
The function Ai(x, y) denotes the positions where the ink of color i which spectrum is
t¯i(λ) exists. Equation (8.1) abstracts the spatio–spectral transmittance distribution
of ink layer, t(x, y;λ), using the limited number of base color functions t¯i(λ) and the
spatial position function Ai(x, y) for each base color function. From Eqs. (7.4) and
(8.1) the proposed NMSRIM is obtained and given by
r(x, y;λ) = F−1 [F {∑i Ai(x, y)t¯i(λ)}MTFp(u, v)]
·rp(λ){
∑
i Ai(x, y)t¯i(λ)}
. (8.6)
8.2 Spatio-Spectral Reflectance Prediction using NM-
SRIM
In this section, the validity of the proposed NMSRIM is discussed through the
experiment of prediction of the spatio–spectral reflectance for a color halftone print.
The experimental results are discussed to evaluate the validity of NMSRIM.
As the training, the halftone prints printed with one ink, the un-printed paper,
and the solid prints of inks which are the cyan, magenta and blue are measured,
where the blue corresponds to the combination of cyan and magenta inks. As the
testing, the spatio–spectral distribution of reflectance printed with both cyan and
magenta inks is predicted. The patches for training and testing are illustrated in
Fig. 8.1.
8.2.1 Experimental conditions
As measurement samples, color patches with cyan and magenta inks printed with
an offset printer on a coated paper were used. (ISO12642, Japan Color 2007). The
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Figure 8.1: Training data and testing data for the prediction experiment of spatio–
spectral distribution of reflectance.
sample patches are composed of twenty five sets of cyan–magenta combination where
each nominal dot coverage of cyan or magenta is 0, 0.20, 0.40, 0.70 or 1.00, respec-
tively. The spatio-spectral reflection images of sample patches were measured with
a reflection optical microscope (BX50, Olympus) attached with a LCTF (VariSpec
CIS Corp., CRI) and with a monochrome CCD camera (INFINITY4–11M, Lumen-
era Corp., 12–bit quantization, USB 2.0). The images were captured with a spatial
resolution of 2048 × 2048. An objective lens whose magnification ratio is 4× was
used and, in this condition, the vertical and horizontal pixel pitches are 1.96 μm.
The spectral resolution of the measurement was set to 30 nm in the interval of wave-
length 430 - 700 nm [10 bands]. To remove the specular reflection component, two
polarizers were attached in front of the camera and the light source, respectively.
Divided by a spatio–spectral image of white reference, the measured images were
converted to spatio–spectral reflectance factor distributions r(x, y;λ).
8.2.2 Experimental procedure for training
Figure 8.2 illustrates the schematic diagram for training. The model parameters of
the NMSRIM are measured or estimated by a following procedure.
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Figure 8.2: Schematic diagram for training.
Spectral reflectance of paper rp(λ)
From the measurement of un–printed paper, the spectral reflectance rp(λ) is
obtained. The function rp(λ) is calculated from the spatial average of the
measured image.
MTF of paper MTFp(u, v)
The MTF of the paper is measured by the proposed method in Chapter 3.
The parameter d in Eq. (7.5) is estimated by a nonlinear optimization. In the
case of the sample coated paper, d was 0.030.
Spectral transmittance of solid ink layer t¯i(λ)
From the measurement of three solid patches with cyan, magenta and blue, the
spatio–spectral reflectance distribution ri(x, y;λ) is obtained (i = {c,m, b}).
Using ri(x, y;λ), rp(λ) and MTFp(u, v), the spatio–spectral transmittance dis-
tribution ti(x, y;λ) is estimated by the iterative algorithm proposed in Chapter
6. From the spatial average of ti(x, y;λ), the spectral transmittance t¯i(λ) is
obtained. Figure 8.3 shows the estimated spectra t¯i(λ) of cyan, magenta and
blue.
Note that t¯b(λ) is obtained not by multiplication of t¯c(λ) and t¯m(λ) but by
the measurement of the patch printed with 100% of cyan and magenta inks.
In Fig. 8.3, one can clearly observe that
t¯b(λ) = t¯c(λ)× t¯m(λ). (8.7)
Equation (8.7) is caused by several reasons. One is due to that the SRIM
(or RIM) does not consider the light scattering effect in ink layer. If the
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Figure 8.3: Estimated spectral transmittance t¯i(λ) of cyan, magenta and blue.
cyan ink is printed firstly, and the magenta ink is printed secondly on the
cyan ink, the larger amount of light input from the upper side of print travels
in the magenta ink than in the cyan ink since the some amount of light is
scattered and reflected in the magenta ink and it travels only in the magenta
ink. This fact derives Eq. (8.7). The other is due to the lack of trapping
which is a phenomenon in the offset printing where in this case the amount of
magenta ink printed on the cyan ink does not correspond to that printed on
the paper. The lack of trapping also derives Eq. (8.7). Because of Eq. (8.7),
in this research, t¯b(λ) is obtained by the measurement. In other words, the
superposition of two solid inks yields a new colorant, e.g., the superposition of
cyan and magenta inks yields the blue colorant.
Effective dot coverage ai
From the measurement of the halftone patches printed with one ink (cyan
or magenta), the spatio–spectral reflectance distribution r(x, y;λ) is obtained.
Using r(x, y;λ), rp(λ) and MTFp(u, v), the spatio–spectral transmittance dis-
tribution t(x, y;λ) is estimated by the iterative algorithm proposed in Chapter
6. From the spatial average of t(x, y;λ), the spectral transmittance t¯(λ) is
obtained.
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According to the transmittance–based spectral Neugebauer model described
in Eqs. (7.6) and (7.7), the effective dot coverage ai of each halftone patch is
estimated by a constrained least square method using t¯(λ) and t¯i(λ).
Spatial position of dots Ai(x, y)
The spatial position of dots Ai(x, y) of the halftone patches printed with one
ink (cyan or magenta) is estimated. In the case of the print with one ink,
Eq. (8.1) can be rewritten by
t(x, y;λ) = Ai(x, y)t¯i(λ) + {1−Ai(x, y)}t¯p(λ). (8.8)
As it was described in Eq. (7.8), t¯p(λ) is one at all λ, therefore,
t(x, y;λ) = Ai(x, y)t¯i(λ) + 1−Ai(x, y), (8.9)
where the formula 1 − Ai(x, y) corresponds to the spatial positions of un–
printed region:
1−Ai(x, y) = Ap(x, y). (8.10)
Using Eq. (8.9), the spatial position of dots Ai(x, y) is estimated by a following
algorithm.
1. A spatial distribution of mean square error E(x, y) is calculated by
E(x, y) =
∫
λ
{t(x, y;λ)− t¯i(λ)}2dλ. (8.11)
2. Let N is the number of pixels of the error image E(x, y). Then, the
number of pixels of ink dot is aiN .
3. For initialization, Ai(x, y) is set to zero at all pixels (x, y).
4. A certain position (xmin, ymin) is searched, where E(xmin, ymin) has the
smallest value in E(x, y).
(xmin, ymin) = argmin
(x,y)
E(x, y) (8.12)
5. The pixel A(xmin, ymin) is set to one.
6. The pixel E(xmin, ymin) is set to ∞.
7. The procedures 4, 5 and 6 are iterated aiN times.
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Figure 8.4: Schematic diagram for testing.
8.2.3 Experimental procedure for testing
Figure 8.4 illustrates the schematic diagram for testing of prediction.
Let ACi (x, y) and A
M
i (x, y) are Ai(x, y) of the patches printed with one ink (cyan
or magenta), respectively. The functions ACi (x, y) and A
M
i (x, y) were estimated in
the previous sub-section. The first procedure for the prediction of testing patch is
estimation of ACMi (x, y) using A
C
i (x, y) and A
M
i (x, y), where A
CM
i (x, y) is Ai(x, y)
of the patch printed with two inks (cyan and magenta). The function ACMi (x, y) for
each i is calculated by
ACMc (x, y) = A
C
c (x, y) · {1−AMm (x, y)}
ACMm (x, y) = {1−ACc (x, y)} ·AMm (x, y)
ACMb (x, y) = A
C
c (x, y) ·AMm (x, y)
ACMp (x, y) = {1−ACc (x, y)} · {1−AMm (x, y)}
, (8.13)
respectively. Equation (8.13) is similar to the Demichel’s equation.
The second procedure is the prediction of the spatio–spectral reflectance dis-
tribution by the NMSRIM described in Eq. (8.6) using ACMi (x, y) and parameters
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measured or estimated from the training data which are rp(λ), MTFp(u, v) and t¯i(λ).
8.2.4 Examples of predicted result
Figure 8.5 shows the measured and predicted spatio-spectral reflectance according
to a halftone patch where the nominal dot coverage (c,m) is (0.4, 0.2). These images
are displayed as the CIE RGB image under D65 illuminant. Figure 8.5(a) shows
the measured r(x, y;λ). Figure 8.5(b) shows the predicted rˆ(x, y;λ). The predicted
rˆ(x, y;λ) looks similar to the measured r(x, y;λ). An advantage of the prediction
with the NMSRIM that it can predict not only the color but also the spatial appear-
ance. Any other prediction models based on the macroscopic measurement cannot
predict the spatial appearance.
Figure 8.6 compares the measured and predicted results of average spectral re-
flectance in spatial coordinates given by
r¯(λ) =
1
lxly
∫ ly
0
∫ lx
0
r(x, y;λ)dxdy (8.14)
with respect to several testing samples. The predicted spectrum looks enough similar
to the measured spectrum.
The prediction accuracy of both spectral information and spatial information are
quantitatively evaluated in detail in Sections 8.3 and 8.4.
8.2.5 Significance of optical dot gain
If one substitutes one into MTFp(u, v) at all spatial frequencies (u, v) in Eq. (8.6),
one can simulate the spatio–spectral reflectance not affected by the optical dot gain.
r′(x, y;λ) = rp(λ)
{∑
i
Ai(x, y)t¯i(λ)
}2
(8.15)
Figures 8.5(c) shows the image of simulated result without optical dot gain. Com-
pared to 8.5(b), the simulated image without optical dot gain looks significantly
brighter and the dots looks sharper. The optical dot gain significantly affects the ap-
pearance of halftone print. Figure 8.7 shows the difference between average spectral
reflectances with and without optical dot gain. It is considered that the NMSRIM
significantly corrects the prediction error caused by the optical dot gain.
8.3 Prediction Accuracy for Color
Both the measured and predicted spatio-spectral reflectance have not only the spec-
tral information but also the spatial information. The spectral information is related
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(a) Measured (b) Predicted
(c) Without optical
dot gain
Figure 8.5: Measured and predicted spatio-spectral reflectance according to a
halftone patch where the nominal dot coverage (c,m) is (0.4, 0.2). (a) Measured
reflectance (b) Predicted reflectance (c) Predicted reflectance without optical dot
gain.
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Figure 8.6: Measured and predicted results of average spectral reflectance in spatial
coordinates with respect to several testing samples.
to color. In this section, the prediction accuracy of spectral information was evalu-
ated by ΔE94.
The color differences ΔE94 are listed in Table 8.1 with respect to all halftone
patches used for the testing data. The prediction accuracy was significant since the
average ΔE94 was 0.66 and the maximum ΔE94 was 1.30.
8.4 Prediction Accuracy for Granularity
In the previous section, the prediction accuracy of spectral information was eval-
uated by ΔE94. In this section, the prediction accuracy of spatial information is
evaluated. The spatial information is related to granularity caused by the spatial
halftone structure.
8.4.1 Method for evaluation
In order to pay attention to just the spatial information, the spatio-spectral re-
flectance is converted to the spatial distribution of CIE Y value.
Y (x, y) = k
∫
vis
r(x, y, λ)P (λ)y¯(λ)dλ (8.16)
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Figure 8.7: Difference between average spectral reflectances with and without optical
dot gain.
k = 100/
∫
vis
P (λ)y¯(λ)dλ, (8.17)
where P (λ) is the spectrum of illuminant set to D65 in this research, y¯(λ) is the
color matching function of Y , and vis denotes the wavelength range of visible light.
The granularity is evaluated by the RMS granularity of Y (x, y) considering the
contrast sensitivity function (CSF) of human eye as following equations.
σYv =
[
1
lxly
∫ ly
0
∫ lx
0
{Yv(x, y)− Y¯v}dxdy
]1/2
, (8.18)
Yv(x, y) = F−1 [F {Y (x, y)} · CSFv(u, v)] , (8.19)
where σYv is the RMS granularity of Yv(x, y), Yv(x, y) is the Y (x, y) filtered by the
CSF of human eye, Y¯v is the spatial average value of Yv(x, y), and CSFv(u, v) is the
CSF of human eye. The range of value of σYv is [0 - 100]. As the CSF of human
eye, the same model described in Sub–section 5.4.3 was introduced. The viewing
distance d in Eq. (5.19) is assumed to be 300 mm in this research. The prediction
accuracy of spatial information can be evaluated by the difference of σYv between
the measured and predicted values.
ΔσYv = σYv − σˆYv . (8.20)
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Table 8.1: ΔE94, σYv , σˆYv and ΔσYv values between the measured and predicted.
Prediction accuracy
Nominal dot Spectral info. Spatial info.
coverage ⇒ Color ⇒ Granularity
(c,m) ΔE94 σYv σˆYv ΔσYv
(0.2, 0.2) 1.30 2.26 1.81 0.45
(0.2, 0.4) 1.10 2.37 1.82 0.55
(0.2, 0.7) 0.76 1.73 1.31 0.42
(0.2, 1.0) 0.45 0.37 0.24 0.14
(0.4, 0.2) 0.78 2.30 1.79 0.51
(0.4, 0.4) 0.76 2.38 1.74 0.64
(0.4, 0.7) 0.89 1.78 1.21 0.57
(0.4, 1.0) 0.39 0.42 0.27 0.16
(0.7, 0.2) 0.82 1.82 1.31 0.52
(0.7, 0.4) 0.62 1.76 1.27 0.48
(0.7, 0.7) 0.46 1.50 0.94 0.55
(0.7, 1.0) 0.31 0.35 0.18 0.17
(1.0, 0.2) 0.63 0.63 0.47 0.16
(1.0, 0.4) 0.31 0.75 0.52 0.22
(1.0, 0.7) 0.35 0.66 0.40 0.26
Average 0.66 1.41 1.02 0.39
Max 1.30 2.38 1.82 0.64
8.4.2 Result of evaluation
Figure 8.8 shows examples of the measured and predicted CIE Y images before and
after filtering by the CSF of human eye according to a halftone patch where the nom-
inal dot coverage (c,m) is (0.4, 0.2). Figure 8.8(a) shows the CIE Y image Y (x, y)
before filtering calculated from the measured spatio-spectral reflectance r(x, y;λ).
Figure 8.8(b) shows the CIE Y image Yˆ (x, y) before filtering calculated from the
predicted spatio-spectral reflectance rˆ(x, y;λ). Figure 8.8(c) shows Yv(x, y) calcu-
lated from Y (x, y) by filtering CSFv(u, v). Figure 8.8(d) shows Yˆv(x, y) calculated
from Yˆ (x, y) by filtering CSFv(u, v). One can observe that the difference between
the measured and predicted images is decreased by the CSF of human eye, and the
difference of granularity is small between Yv(x, y) and Yˆv(x, y).
The RMS granularities σYv and σˆYv and their difference ΔσYv are listed in Table
8.1 with respect to all halftone patches used for the testing data. The average ΔσYv
was 0.39 and the maximum ΔσYv was 0.64. Since the range of value of σYv is [0 -
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100], the prediction errors are less than 0.7% in all testing data.
The results also show that σˆYv is always smaller than σYv . In the prediction, it is
assumed the all ink dots having the same color have the same spectral transmittance
t¯(λ), however, the real ink dots have small difference of transmittance in their spatial
positions. It is considered that this difference increases the RMS granularity of σYv
compared to σˆYv .
8.5 Conclusion
As a spatio-spectral prediction model for color halftone prints based on the mi-
croscopic measurement, the conventional spectral reflection image model (SRIM)
was extended by introducing the concept of the conventional spectral Neugebauer
Model. The proposed new prediction model was named as the Neugebauer modified
spectral reflection image model (NMSRIM). Compared to the SRIM, the NMSRIM
abstracts the spatio–spectral transmittance distribution of ink layer, t(x, y;λ), using
the limited number of base color functions t¯i(λ) and the spatial position function
Ai(x, y) for each base color function in order to efficiently predict the reflectance of
color halftone prints from a small number of measurements. The NMSRIM sepa-
rately analyzes the mechanical dot gain and the optical dot gain. The NMSRIM can
predict not only the spectral reflectance but also the microscopic spatial distribution
of reflectance. The spatial distribution of reflectance is related to the granularity of
halftone prints.
To evaluate the validity of the NMSRIM, the spatio–spectral distribution of
reflectance printed with two inks, cyan and magenta (testing data) is predicted from
the measurements of the halftone prints printed with one ink, the un-printed paper,
and the solid prints of inks which are the cyan, magenta and blue (training data),
where the blue corresponds to the combination of cyan and magenta inks.
The predicted spatial distribution was visually similar to the measured spatial
distribution. The significance of the optical dot gain to the reproduction of color
and appearance was also discussed by comparing the simulated results of the spatio–
spectral reflectance distributions with and without optical dot gain.
As the quantitative evaluation, the prediction accuracy of spectral information
was significant since the average and maximum values of ΔE94 in all samples were
0.66 and 1.30, respectively.
The prediction accuracy of spatial information was also evaluated using the RMS
granularity of CIE Y image calculated from the spatio-spectral reflectance by con-
sidering the contrast sensitivity function (CSF) of human eye. The differences of
the RMS granularity ΔσYv between the measured one and the predicted one were
small since the prediction errors are less than 0.7% in all testing data.
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(a) Y (x, y) (b) Yˆ (x, y)
(c) Yv(x, y) (d) Yˆv(x, y)
Figure 8.8: Measured and predicted CIE Y images before and after filtering by the
CSF of human eye according to a halftone patch where the nominal dot coverage
(c,m) is (0.4, 0.2). (a) Measured CIE Y image before filtering (b) Predicted CIE Y
image before filtering (a) Measured CIE Y image after filtering (b) Predicted CIE
Y image after filtering.
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Chapter 9
Conclusions
IN this thesis, several new methods are provided to evaluate and predict theimage quality of printed image efficiently and accurately using the microscopicmeasurement which can obtain spectral and spatial characteristics of printed
image.
In Chapter 2, a method was proposed to measure the printer’s MTF in order
to evaluate sharpness. The proposed method is efficient since the MTF can be
calculated using only two images which are the output images of knife-edge with
and without shifting. The proposed method would be accurate since it does not
use derivation for analyzing ESF. The proposed method can directly be applied to
other image output systems like displays. An experiment was performed to measure
not only the printer’s MTF but also the MTFs of other output systems including
display monitors using the proposed method, where these systems are devices to
output the medical X-ray image, whose output images need to have high sharpness.
The observer rating value in terms of sharpness and the physical criteria, SQF,
calculated from the MTF were well correlated. From here, it is considered that the
proposed method is effective.
In Chapter 3, a method to measure the MTF of paper was proposed. The pro-
posed method calculates the MTF by the fraction between two images of the pencil
light response in Fourier domain where the two images are reflection images from the
paper and the perfect specular reflector. The proposed method is experimentally
efficient since required measurements to calculate the MTF are only two images.
The proposed method has the high measurement accuracy since the measured data
can be approximated by the conventional MTF model of paper. The MTFs of var-
ious kinds of paper were measured by the proposed method including gloss coated,
semi–gloss coated, matte coated and uncoated. The dependency of paper’s MTF on
the wavelength of light was also analyzed. The dependency was not so significant,
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therefore, it was conclude that the MTF measured on a specific wavelength can be
applied to the spectral analysis of halftone print.
In Chapter 4, the dependency of paper’s MTF on the condition of the illumi-
nation angle was measured and analyzed. Characteristics of scattering of paper
were analyzed under the illuminant with four zenithal angles (30, 45, 60 and 75
degrees) and with two directions of bar target shown in Fig. 4.5. In the condition of
Fig. 4.5(a), the MTF of paper does not depend on the illuminating zenithal angle
and the PSF of paper has the symmetric distribution. In the condition of Fig. 4.5(b),
the MTF of paper was a little decreased according to increase of the zenithal angle of
illuminant. However, this result would be caused by the Fresnel multiple reflections
between the bar target and paper, and the dependency of paper’s MTF would not
be significant on the zenithal angle of input illuminant. Hence, it is considered that
the MTF of paper measured in Chapter 3 can be applied under another zenithal
angles of input illuminant.
In Chapter 5, the optical dot gain was analyzed by changing the MTF of paper
in the SRIM, and the appearance of monochrome halftone print is simulated. The
simulated halftone print image was applied to both the subjective evaluation and the
objective evaluation of image quality. The subjective evaluation was performed with
respect to the simulated halftone print image displayed on a high resolution LCD.
The result shows the following things. The lower paper’s MTF decreases the image
sharpness (bad point) and decreases the image graininess (good point). The higher
paper’s MTF increases the image sharpness (good point) and increases the image
graininess (bad point). In the particular case like human skin, the high granularity
with the high paper’s MTF is un–preferred. As the objective evaluation, a new
physical criterion DQFhalftone was proposed. The proposed criterion DQFhalftone
is defined using the full reference RMS granularity σdv, where σdv was proposed in
order to evaluate the granularity of halftone print image, which changes significantly
with the spatial position. The proposed criterion DQFhalftone was well correlated
to the observer rating value (ORV). As an example of the other objective analysis,
an estimation of ink amount to print was also performed. The optimal paper’s MTF
would be decided from the image quality and the usage of ink amount.
In Chapter 6, an iterative algorithm was proposed to estimate the transmittance
spatial distribution of the ink layer from the reflectance spatial distribution of the
halftone print using the MTF of paper. The proposed algorithm can estimate the
transmittance distribution stably and accurately. The transmittance of ink layer is
only affected by the mechanical dot gain. Therefore, the estimation corresponds to
the separation of the mechanical dot gain and the optical dot gain. In other words,
the estimation separates the characteristics of halftone print to the characteristic of
ink and the characteristic of paper.
In Chapter 7, a method was proposed to separately model the optical dot gain
101
and the mechanical dot gain of color halftone prints. First, the spatio-spectral re-
flectance was measured using a microscope attached with a liquid crystal tunable
filter. Secondly, the spatio-spectral reflectance affected by both mechanical and
optical dot gain was converted to the spatio-spectral transmittance of ink layer af-
fected by only mechanical dot gain by canceling the light scattering effect in paper
by computing. Thirdly, the optical dot gain and the mechanical dot gain were sep-
arately modeled as the transmittance-based spectral Neugebauer model and the
transmittance-based Yule-Nielsen modified spectral Neugebauer model. Finally,
the spectral reflectance of offset printing image with cyan and magenta inks was
predicted by the transmittance-based Yule-Nielsen modified spectral Neugebauer
model. The prediction accuracy was significant since the average value of ΔE94
in all samples was less than 1. In this chapter, the training samples and testing
samples for the prediction were the same. However, combining the proposed model
and Demichel’s equation, one can predict the spectral reflectance of color patches
generated by the arbitral input from the limited number of measurements.
In Chapter 8, as a spatio-spectral prediction model for color halftone prints
based on the microscopic measurement, the conventional spectral reflection image
model (SRIM) was extended by introducing the concept of the conventional spectral
Neugebauer Model. The proposed new prediction model was named as the Neuge-
bauer modified spectral reflection image model (NMSRIM). Compared to the SRIM,
the NMSRIM abstracts the spatio–spectral transmittance distribution of ink layer,
t(x, y;λ), using the limited number of base color functions t¯i(λ) and the spatial po-
sition function Ai(x, y) for each base color function in order to efficiently predict
the reflectance of color halftone prints from a small number of measurements. The
NMSRIM separately analyzes the mechanical dot gain and the optical dot gain.
The NMSRIM can predict not only the spectral reflectance but also the microscopic
spatial distribution of reflectance. The spatial distribution of reflectance is related
to the granularity of halftone prints. To evaluate the validity of the NMSRIM, the
spatio–spectral distribution of reflectance printed with two inks, cyan and magenta
(testing data) is predicted from the measurements of the halftone prints printed
with one ink, the un-printed paper, and the solid prints of inks which are the cyan,
magenta and blue (training data), where the blue corresponds to the combination
of cyan and magenta inks. The predicted spatial distribution was visually similar
to the measured spatial distribution. The significance of the optical dot gain to the
reproduction of color and appearance was also discussed by comparing the simulated
results of the spatio–spectral reflectance distributions with and without optical dot
gain. As the quantitative evaluation, the prediction accuracy of spectral information
was significant since the average and maximum values of ΔE94 in all samples were
0.66 and 1.30, respectively. The prediction accuracy of spatial information was also
evaluated using the RMS granularity of CIE Y image calculated from the spatio-
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spectral reflectance by considering the contrast sensitivity function (CSF) of human
eye. The differences of the RMS granularity ΔσYv between the measured one and
the predicted one were small since the prediction errors are less than 0.7% in all
testing data.
Finally, future works of this study are mentioned. The RIM should be improved
to increase the prediction accuracy of halftone print quality. The RIM does not
consider several physical phenomena including the scattering effect in ink layer,
the multiple Fresnel reflections at the interface between the ink layer and paper
layer, and the penetration of ink into paper. The method should be proposed to
calculate the MTF of printer using MTF of paper and the RIM. The method should
be proposed to evaluate sharpness or granularity using the predicted spatio-spectral
reflectance predicted. The glossiness is also a important property for the image
quality of print. In recent years, Matusik et al. study the method to reproduce the
glossiness of original object to the printed image [Matusik et al. 2009]. The method
should be studied to efficiently and accurately evaluate and predict the glossiness of
print.
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SUMMARY
In recent years, many kinds of displays and recording
systems for X-ray medical images have appeared. In this
paper, sharpness of X-ray images displayed onto high-ac-
curacy monochrome CRT and LCD monitors was analyzed
and compared. Images recorded on the exclusive film and
coated paper by inkjet printer and the wet-type and dry-type
photo printers using a silver halide material were also
analyzed and compared. The modified Gan’s method was
introduced to calculate the modulation transfer function
(MTF) from the edge spread function (ESF). The results
showed that the MTFs of the LCD, the inkjet image on the
transparency, and the wet-type silver halide film image have
fairly similar and good response in comparison with the
inkjet image on the glossy paper and the dry-type silver
halide film. It was also shown that the CRT has the worst
response over the spatial frequency range. It was well
correlated between the MTF and observer rating value. We
thus consider the proposed method to be effective.
© 2007 Wiley Periodicals, Inc. Electron Comm Jpn Pt 2,
90(11): 65–73, 2007; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/
ecjb.20404
Key words: MTF; silver halide; CRT; LCD; inkjet
printer.
1. Introduction
For a long time, X-ray film has been used to diagnose
various diseases after Roentgen discovered X-rays in 1895
and then showed the sensitivity of photographic plates with
silver halide material to ionizing by X-ray radiation. Com-
puter radiography (CR) which is the digital X-ray image
capturing system without using silver halide material was
developed in the 1980s. In this system, it became possible
to transmit, store, display, and conduct image processing by
computer of X-ray images. In particular, X-ray images can
be displayed and recorded onto various kinds of imaging
systems such as a photo printer, laser printer, inkjet printer,
CRT, and LCD monitor. Image quality of those obtained
images is mainly determined by tone reproduction charac-
teristics [1, 2], sharpness [1–5], and graininess [1, 2, 8].
Many physical criteria have been proposed and applied to
evaluate X-ray film. However, little work has been done on
the comparison of image quality, particularly in sharpness,
by using different display and recording devices in medical
uses. In this paper, sharpness of X-ray images displayed
onto high-accuracy monochrome CRT and LCD monitors,
© 2007 Wiley Periodicals, Inc.
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and images recorded on the exclusive film and glossy paper
by inkjet printer and the wet-type and dry-type silver halide
images are compared and analyzed. The modulation trans-
fer function (MTF) is used for evaluating sharpness.
In Section 2, we present an efficient calculation
method of the MTF by analyzing the edge spread function
(ESF). Section 3 shows the method for measuring the MTF
of each imaging system using a digital microscope. In
Section 4, the relationship is discussed between the meas-
ured MTF and observer rating value. We draw our conclu-
sions in Section 5.
2. Calculating MTF from Edge Spread
Function
2.1. Gans’ method
Many physical criteria have been proposed to evalu-
ate the sharpness of an image such as resolving power [1,
2], acutance [1, 2], and MTF [1–7]. The MTF is the most
comprehensive method for evaluation of image quality. If
we assume that the imaging system is a linear system, the
MTF can be calculated by the Fourier transform of the
optical line spread function (LSF). The MTF also can be
determined by spatial frequency analysis of the edge spread
function (ESF) which is output distribution when a knife-
edge image is input into the imaging system. The ESF with
infinite length is defined as
where fc(x) is a part of the ESF measured with an image
capturing system, fn1(x) and fn2(x) represent the parts of the
ESF which are not measured. For simplicity, we assume that
the system has one-dimension property. We would like to
know the spatial frequency characteristic of fi(x). However,
the Fourier transform of fi(x) cannot be calculated directly
because we have only fc(x), and the discrete Fourier trans-
form (DFT) of fc(x) also cannot be calculated directly
because fc(0) is not equal to fc(l). In Gans’ method [3, 9], a
rectangular function fs(x) is obtained by the following for-
mula in order to calculate the Fourier transform of fi(x):
where fi(x − x1) is obtained by shifting fi(x) in length of x1.
This process is shown in Fig. 1. The Fourier transform of
fs(x) is given by
In Eq. (3), fi(x) can be substituted fc(x) because the integral
range is [0, l]. The MTF can be calculated by dividing
|Fs(ω)| by a sinc function which is the Fourier transform of
the ideal rectangular function as follows:
2.2. Two kinds of shift processing
The shift processing defined as fi(x − x1) can be de-
termined in two different ways as follows:
(1) The measured ESF is shifted by calculation [Fig.
2(a)].
(2) Two ESFs are measured with and without shifting
the input knife-edge [Fig. 2(b)].
In the first method, we are able to shift the edge accurately
because it is shifted by calculation. On the other hand, in
(1)
Fig. 1. The process to obtain the rectangular function from the original ESF fi(x) and the shifted ESF fi(x − x1). 
(2)
(3)
(4)
(5)
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the second method, it is difficult to shift the edge accurately
because two exposures are taken, therefore a shift error
arises. However, the second method is significant for reduc-
tion of noise in both imaging systems and measuring instru-
ments. Therefore, we introduced the second method to
measure the ESF. Furthermore, we propose a method to
compensate the shift error of the second method.
2.3. Modified Gans’ method
If the shift is performed at the rate of x1 = l/2,
theoretically, |Fs(ωn)| at frequencies ωn = nπ / x1 can be
defined as follows:
However, practically, the shift error xe arises, then l and
ωn
g
 become x1 = l/2 + xe and ωn
g
 = nπ / (x1 − xe). Therefore,|Fs(ωng )| is given by
Accurate |Fs(ωn)| cannot be obtained because we do not
know xe. Figure 3 illustrates the relationship between|Fs(ωn)| and |Fs(ωng )|. The error between ωn and ωng  is given
by
Since E is proportional to n in Eq. (8), the higher ωng  is, the
more unreliable |Fs(ωng )| is. In order to solve this problem,
we propose an error correcting method. Using the fact that
|Fs(ωn)| = 0 when n is an even number except 0, the error
correcting method is performed by the following proce-
dure:
1. The shifted ESF is measured somewhat longer: l =
2x1 + α (0 < α << x1).
2. We calculate the sum of |Fs(ωng)| when n is an even
number except 0.
3. The length l is renewed to l – 1.
4. Procedures 2 and 3 are iterated until the sum value
is minimized.
We have named this method “modified Gans method.”
3. MTF Measurement of Various Medical
Imaging Systems
3.1. Medical imaging systems and measuring
instruments
MTFs of six kinds of medical imaging systems were
measured: a wet type (MLP190, Kodak) and a dry type
(6)
Fig. 2. The processes to shift the ESF: (a) by calculation, (b) by two ESFs measured with 
and without shifting the input  knife-edge.
(7)
(8)
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(Drystar 3000, Agfa) photo printer using a silver halide
material, a high-performance monochrome CRT monitor
(SMM21200P, Siemens), a high-performance mono-
chrome LCD monitor (MDL2102A, Totoku), and the ex-
clusive film and glossy paper recorded by a medical inkjet
printer (CXJ3000, Canon). The name of each imaging
system is abbreviated: Wet-Silver, Dry-Silver, CRT, LCD,
Ink-Film, and Ink-Paper, respectively. Table 1 shows the
specifications of each system. A digital microscope (VH-
5000, Keyence) was used for measuring the ESF of each
imaging system. Since magnification of the lens can be
changed from 25 to 175 times, it is possible to measure
precisely the ESF of each imaging system with high reso-
lution. A view box, a schaukasten in German, was used as
the light sources of the Wet-Silver, Dry-Silver, and Ink-
Film. A ring light attached onto the digital microscope was
used as the light source of the Ink-Paper.
3.2. Linearization of imaging system
The MTF can be defined in the linear system. How-
ever, many imaging systems have a nonlinear gamma char-
acteristic between the input pixel value and the output
photometric value. In order to transform the nonlinearity
into the linear space, we measured the characteristic curve
of each imaging system. Output photometric value P of the
imaging system is defined as
where λ denotes wavelength, vis visible wavelength band,
φ(λ) photo stimuli, and V(λ) CIE standard spectral lumi-
nous efficiency [10]. The photo stimuli φ(λ, I) of each
imaging system for the input pixel value I are given by
Fig. 3. Influence of the shift error. (a) Theoretical |Fs(ωn)|. (b) Practical |Fs(ωng )| with shift error xe.
Table 1. Specifications of each imaging system
(9)
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where Ef(λ), Em(λ), and Eo(λ, I) are spectral radiances of
the view box, of the ring light, and of monitors (the CRT
and LCD), respectively, T(λ, I) is spectral transmittance of
the Wet-Silver, Dry-Silver, or Ink-Film, and R(λ, I) is
spectral reflectance of the Ink-Paper. A spectral radiance
meter (CS-1000, Konica Minolta) was used for measuring
Ef(λ), Em(λ), and Eo(λ, I). A spectral photometer (Spec-
traflash 500, Datacolor) was used for measuring T(λ, I) and
R(λ, I). The nonlinearities of T(λ, I), R(λ, I), and Eo(λ, I)
for the input pixel value I are given by
where ξk(I) is nonlinearity function expressing input–out-
put characteristic of each imaging system. From Eqs. (9),
(10), and (11), the output photometric value P is given by
The characteristic function Hk(I) was calculated by polyno-
mial approximation from the data Hk(I′) with I′ = {0, 255,
511, 767, . . . , 4095} for each imaging system. The dicom
format image was assumed and the input values were
created with 12-bit. Maximum values of Hk(I) were normal-
ized to 100. Input knife-edge images for measuring ESFs
were made using inverse function of Hk(I):
3.3. MTF measurement experiment
The MTF of each imaging system was measured by
analyzing ESF for knife-edge image rising to horizontal
direction whose levels of step part changes from P = 20 to
P = 80 using the modified Gans method proposed in Section
2. In order to reduce the aliasing error, one pixel of the
image was sampled by 10 × 10 pixels on the CCD array of
the digital microscope which is 10 times the Nyquist fre-
quency. One-dimensional ESF was obtained by meaning
the captured image to vertical direction.
Figure 4 shows the measurement results of the MTF
of each imaging system. The LCD had a good characteristic
of the MTF at high frequencies. We consider this to be due
to the isolation property of the LCD’s pixel structures. In
the comparison of the silver halide printers, the MTF of the
Wet-Silver was better than that of the Dry-Silver. In the
comparison of the mediums of the inkjet printer, the MTF
of the Ink-Film was better than that of the Ink-Paper. We
consider the ink dots are blurred due to the optical dot gain
caused by light scattering in paper in the Ink-Paper. The
CRT had the worst MTF characteristic. We consider this to
be due to the spread of cathode rays and raster jitter of the
CRT. We concluded the relationship between sharpness in
these medical imaging systems is as follows:
LCD ≅ Ink-Film > Wet-Silver > Ink-Paper ≅ 
Dry-Silver > CRT
4. Validity Evaluation Experiment of
Measured MTF
The validity of the measured MTF should be evalu-
ated. In this section, the relationship between the LCD’s
MTF and observer rating value in terms of sharpness is
discussed. First, several blurred edge images onto the LCD
were measured with the digital microscope and analyzed
by the modified Gans method, and the MTFs were calcu-
lated (Section 4.1). Second, the physical criteria were de-
fined from the MTFs and the human visual characteristic.
Third, the sharpness of these edges was evaluated in the
subjective evaluation experiment in terms of sharpness.
Finally, we calculated the correlation coefficient between
(10)
(11)
(12)
(13)
Fig. 4. The MTF of each medical imaging system.
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the physical criteria and the observer rating value (Section
4.2).
4.1. Edge burring due to down sampling using
bilinear interpolation
Since the resolution of monitors such as LCDs and
CRTs is generally smaller than that of images captured by
CR, downsampling is needed to see the image in full view
in medical scenes. If bilinear interpolation is used as the
downsampling method for a knife-edge image, a middle
tone of one pixel width arises on the step part. This middle
tone degrades sharpness of the knife-edge image. We meas-
ured the ESFs of several edge images which have one pixel
middle tone as shown in Fig. 5, and calculated the MTFs
for the LCD. Figure 6 shows the measured MTFs. The
middle tone degraded the MTFs, and the degree of degra-
dation depended on the photometric value of the middle
tone.
4.2. Relationship between measured MTF and
observer rating value
Using measured MTFs of the LCD, the physical
criteria, SQF, were calculated as follows:
where u is spatial frequency [lp/mm], un is the Nyquist
frequency of the LCD, and MTFv(u) is the MTF of human
visual system. We used Sullivan’s model [11] as MTFv(u):
with a = 2.2, b = 0.192, c = 0.114, and d = 1.1, where L is
the viewing distance (500 mm in this experiment), umax is
the spatial frequency satisfying the equation as follows:
Fig. 5. The edges having the middle tone of one pixel width.
Fig. 6. The relationships between the MTF and middle
tone. Each value in this graph indicates the 
photometric value level of the middle tone.
(14)
(15)
Fig. 7. The relationship between the MTF and observer
rating value.
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When L = 500 mm, umax = 0.075 lp/mm.
The subjective evaluation experiment was performed
in the following conditions:
Method: Thurstone’s paired comparison method [12]
Imaging system: the LCD
Sample: 10 kinds of edge images as shown in Fig. 5
Observer: 10 students in our laboratory
Viewing distance: 500 mm
Figure 7 shows the well-correlated relationship between the
SQF and observer rating value. The correlation coefficient
was 0.985. From this result, we consider our proposed
method is effective.
5. Conclusion
In order to evaluate sharpness, we measured the
MTFs of various medical imaging systems such as the
wet-type and dry-type photo printers using a silver halide
material, the high-accuracy monochrome CRT and LCD
monitors, and the exclusive film and glossy paper printed
by the medical inkjet printer. The MTFs were measured by
analyzing the ESFs using the modified Gans method which
compensates the shift error problem of the original Gans
method. In these particular imaging systems, the MTF of
the LCD had a good characteristic until high frequencies,
the MTF of the film printed by the inkjet printer was not
inferior to that of the silver halide printers, and the CRT had
the worst MTF characteristic. The observer rating value in
terms of sharpness and the physical criteria, SQF, calculated
from the MTF were well correlated. From here, we consider
the proposed method is effective. As the future work, it is
necessary to perform the subjective evaluation by physi-
cians. 
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Abstract. A method is proposed to analyze the preferred Modulation
Transfer Function (MTF) of printing medium like paper for the image
quality of printing. First, the spectral intensity distribution of printed
image is simulated by changing the MTF of medium. Next, the simu-
lated image is displayed on a high-precision LCD to reproduce the ap-
pearance of printed image. An observer rating evaluation experiment is
carried out to the displayed image to discuss what the preferred MTF is.
The appearance simulation of printed image was conducted on particular
printing conditions: several contents, ink colors, a halftoning method and
a print resolution (dpi). The experiments on different printing conditions
can be conducted since our simulation method is flexible about changing
conditions.
Keywords: MTF, printing, LCD, sharpness, granularity.
1 Introduction
Image quality of the printed image is mainly related to its tone reproduction,
color reproduction, sharpness and granularity. These characteristics are signifi-
cantly affected by a phenomenon called dot gain which makes the tone appear
to be darker. There are two types of dot gain: mechanical dot gain and optical
dot gain. Mechanical dot gain is the physical change in dot size as the results
of ink amount, strength and tack. Emmel et al. have tried to model mechanical
dot gain effect using a combinatorial approach based on Po´lya’s counting theory
[1]. Optical dot gain (or the Yule-Nielsen effect) is a phenomenon in printing
whereby printed dots are perceived bigger than intended, which is caused by
the light scattering phenomenon in the medium layer, where the portion of light
transmitted from ink outputs from medium and vice versa as shown in Fig. 1.
Optical dot gain causes difficulty to predict the spectral reflectance of print and
it produces the reduction in the sharpness of image. It also contributes the re-
duction in the granularity of image caused by the microscopic distribution of
ink dots. The light scattering phenomenon can be quantified by the Modulation
A.-B. Salberg, J.Y. Hardeberg, and R. Jenssen (Eds.): SCIA 2009, LNCS 5575, pp. 607–616, 2009.
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Fig. 1. Optical dot gain
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Fig. 2. PSF
Transfer Function (MTF) of medium. The MTF is defined as the absolute value
of Fourier transformed Point Spread Function (PSF). The PSF is the impulse
response of the system. In this case, the impulse signal is the pencil light like
laser and the system is the printing medium as shown in Fig. 2. Because of
importance for the image quality control, several researchers have studied the
methods to measure and analyze the MTF or PSF of the printing medium [2,3,4].
However, discussions have not been done enough about the relationship between
the preferred MTF and the printing conditions such as contents, spectral char-
acteristics of inks, halftoning methods, the mechanical dot gain and the printing
resolution (dpi). A main objective of this research is constructing a framework
of method to simply evaluate the effects of MTF to the printed image. First,
we propose a method to simulate the spectral intensity distribution of printed
image by changing the MTF of printing medium. Next, we discuss the preferred
MTF on particular conditions of printing through the observer rating evalua-
tion experiment which carried out to the simulated print image displayed on a
high-precision LCD.
2 Modulation Transfer Function
2.1 MTF of Linear System
Let a lens system is considered as shown in Fig. 3. For simplicity, we assume
that the transmittance of lens is one and the phase transfer of system can be
ignored. The output intensity distribution o(x, y) through the lens is given by
o(x, y) = i(x, y) ∗ PSF(x, y)
= F−1{I(u, v)MTF(u, v)}, (1)
where (x, y) indicates space coordinates, (u, v) indicates spatial frequency coor-
dinates, i(x, y) is the input intensity distribution whose Fourier transformation
is I(u, v), PSF(x, y) and MTF(u, v) are the PSF and MTF of the lens system,
respectively, ∗ indicates convolution integral operation and F−1 indicates in-
verse Fourier transform operation. If the MTF(u, v) = 1, the input signal is
perfectly transfered through the system: o(x, y) = i(x, y). However, if the value
of MTF(u, v) is decreased as the increase of (u, v), the function o(x, y) becomes
to be blurred because of the loss of information at the high spatial frequency
area. Therefore, the higher MTF is generally preferred in the linear system, and
it is the best case that MTF(u, v) = 1.
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2.2 MTF of Nonliner System Like Printing Medium
Let a printing system is considered as shown in Fig. 4 given by
oλ(x, y) = iλF−1{F{ti,λ(x, y)}MTFm(u, v)}rm,λti,λ(x, y), (2)
where the suffix λ indicates wavelength, oλ(x, y) is the spectral intensity distri-
bution of output light, iλ is the spectral intensity of input incidence assumed
spatial uniformity, ti,λ(x, y) is the spectral transmittance distribution of ink,
MTFm(u, v) is the MTF of printing medium like paper assumed wavelength
independency, rm,λ is the spectral reflectance of medium assumed spatial uni-
formity, and F indicates Fourier transform operation. Equation (2) is called the
reflection image model [7], where the incident light transmits the ink layer, the
light is scattered and reflected by the medium layer and transmits the ink layer
again. Equation (2) assumes the two layers (ink and medium) are perfectly sep-
arable optically, the scattering and reflection phenomena in ink can be ignored,
therefore multi reflections between two layers can also be ignored. What is pre-
ferred MTF of the medium for image quality in this system? In the case of
lens system in previous subsection, the information of image is comprised in the
incident distribution i(x, y) and, generally, the information should perfectly be
reproduced through the system. On the other hand, in the case of printing sys-
tem, the information of image is comprised in the ink layer as a halftone image.
The half tone image should not be always to reproduce perfectly since it is the
microscopic distribution of ink dots causing unpleasant graininess. However, too
low MTF may cause the reduction of sharpness of image. Therefore the optimal
MTF may exist for the best image quality depending on the printing conditions
such as contents, ink colors, halftoning methods and values of the print resolu-
tion (dpi). Note that the MTF of medium is different from the MTF of printer.
The MTF of printer is the modulation transfer between the input data to the
printer and the output response corresponding to oλ(x, y). Several methods to
measure the MTF of printer has been proposed [5,6].
3 Apperance Simulation of Printed Image on LCD
A method is considered in this section to simulate the apperance of the printed
image using the 8-bit [0-255] digital color (RGB) image whose resolution is 256×
256.
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Fig. 5. Digital halftoning
400 450 500 550 600 650 700 750
0
0.2
0.4
0.6
0.8
1
Wavelength [nm]
Sp
ec
tr
al
 tr
an
sm
itt
an
ce
 (
re
fl
ec
ta
nc
e)
tC,λ
tM,λ
tG,λ
tY,λ
tK,λ
tB,λ
tR,λ
rm,λ
Fig. 6. Spectral transmittance of ink
3.1 Producing Color Halftone Digital Image
Assuming that one pixel of the image is printed by four ink dots of 2 × 2,
the digital image is upsampled from 256 × 256 to 512 × 512 by the nearest
neighbor interpolation [8]. The upsampled image fj(x, y) where j = R,G and B
is transformed to the CMY image gk(x, y) where k = C,M and Y :
gC(x, y) = 255− fR(x, y)
gM (x, y) = 255− fG(x, y) (3)
gY (x, y) = 255− fB(x, y).
The color digital halftone image hk(x, y) is produced applying the error diffusion
method of Floyd and Steinberg [9] to gC , gM and gY , respectively. Figure 5
shows the examples of gj(x, y) and hj(x, y). We used the error diffusion method
in this subsection, however, the use of any other halftoning methods do not affect
the simulation method described in following subsections. In the real scene of
printing, the color change process form RGB to CMY is more complex since
it needs the dot gain correction and the gamut mapping from the RGB profile
(e.g. sRGB profile) to the print profile. Therefore, the process in this sub-section
should be modified as the future work.
3.2 Estimating Spectral Transmittance of Inks
Assuming spatial uniformity of ink transmittance for solid prints, the light scat-
tering effect in the printing medium can be ignored mathematically in Eq. (2):
F−1{F{ti,λ}MTFm(u, v)} = ti,λ,
and it is derived that
ti,λ =
√
rλ/rm,λ (4)
rλ = oλ/iλ,
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where rλ is the reflectance of solid print. Therefore, ti,λ can be estimated from
the measured values of rλ and rm,λ. In this research, seven solid patches were
printed on a glossy paper (XP-101, CANON) such as cyan, magenta, yellow, red,
green, blue and black using a inkjet printer (W2200, CANON) which is set cyan,
magenta and yellow inks (BCI-1302 C, M and Y, CANON). The patches of red,
green and blue were printed using two of the three inks, respectively. The patch
of black was printed using the three inks simultaneously. The spectral reflectance
rλ of each solid patch and the spectral reflectance rm,λ of the unprinted paper
were measured using a spectrophotometer (Lambda 18, Perkin Elmer). Figure 6
shows the estimated ti,λ using Eq. (4).
3.3 Optical Propagation Simulation in Print
The digital halftone image hj(x, y) produced in Subsection 3.1 can be rewritten
to the form hx,y(C,M, Y ) having one of the following eight values at each position
[x, y]: (1, 0, 0), (0, 1, 0), (0, 0, 1), (0, 1, 1), (1, 0, 1), (1, 1, 0), (1, 1, 1) and (0, 0, 0)
corresponding to the colors of cyan, magenta, yellow, red, green, blue, black
and white (no inks), respectively. By allocating ti,λ of each ink estimated in the
previous subsection to hx,y(C,M, Y ), the spectral transmittance distribution of
ink ti,[x,y](λ) can be produced, where ti,[x,y](λ) can be rewritten to the same
form in Eq. (2) that is ti,λ(x, y). Note that there is no inks at the locations
[xw, yw] where hxw,yw(C,M, Y ) = (0, 0, 0), therefore, ti,λ(xw , yw) = 1.
Now we have the components rm,λ and ti,λ(x, y) of Eq. (2). If we define the
other components iλ and MTFm(u, v), the output spectral intensity distribution
of the print oλ(x, y) can be calculated. The incidence iλ was assumed to be
CIE D65 standard illuminant since we used the LCD whose color temperature
is 6500K described in detail in next subsection. We defined the one dimensional
MTF of medium given by
MTFm(u) =
d√
d2 + u2
(5)
where d is a parameter to define the shape of MTF curve. Equation (5) well
approximates the MTF of paper as shown in Fig. 7 where this is a example of
glossy paper’s MTF measured in our previous research [4]. Using Eq. (5), we
produced seven types of MTF curve as shown in Fig. 8. Each parameter d is
decided in condition that the following formula is equal to 10, 25, 40, 55, 70, 85,
100[%], where such parameters d are 0.212, 0.756, 1.57, 2.74, 4.62, 8.47 and ∞.
∫ 10
0
MTFm(u)du
10
× 100 (6)
Assuming spatial isotropy, two dimensional MTFm(u, v) was produced using
each one dimensional MTFm(u). Finally, the function oλ(x, y) was calculated by
Eq. (2) for each λ.
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Fig. 7. MTF of a glossy paper
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Fig. 8. Generated MTFs
3.4 Display on LCD and Viewing Distance
The output intensity distribution of the print oλ(x, y) can be rewritten to the
form ox,y(λ). The spectral function ox,y(λ) is converted to CIE RGB tristimulus
values given by
Rx,y =
∫ 780
380
ox,y(λ)r¯(λ)dλ
Gx,y =
∫ 780
380
ox,y(λ)g¯(λ)dλ (7)
Bx,y =
∫ 780
380
ox,y(λ)b¯(λ)dλ,
where r¯(λ), g¯(λ) and b¯(λ) are color matching functions [10]. The tristimulus
values are displayed on the LCD after the gamma correction given by
V ′x,y = 255× {Vx,y}
1
γ , (8)
where V is R, G or B and γ is the gamma value of LCD. An high-precision LCD
(CG-221, EIZO) was used, where the color mode was set to sRGB mode whose
gamma value γ = 2.2 and the color temperature is 6500K. The examples of
simulated images are shown in Fig. 9, where the subcaptions (a)-(c) correspond
to the applied MTF percentages.
In this simulation, one ink dot is expressed by one pixel of LCD. However, the
ink dot size is practically quite smaller than the pixel size. If the printer whose
resolution is 600dpi is assumed, the ink dot size is 4.08 × 10−2 [mm/dot]. On
the other hand, the pixel size of the LCD is 2.49× 10−1 [mm/pixel]. In order to
approximate the appearance of the simulated image to that of the real print, the
viewing angles between these were conformed as shown in Fig. 10 by adjusting
the viewing distance from the LCD given by
dd = sddp/sp, (9)
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(a) 10% (b) 55% (c) 100%
Fig. 9. Simulated print images
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Fig. 10. Viewing distance
where dd and dp are the viewing distance from the LCD and real print, respec-
tively, sd is one pixel size of the LCD and sp is one ink dot size of the real print.
Assuming the distance dp is equal to 300 [mm], the distance dd becomes to be
equal to about 1830 [mm].
We used not the real print but the LCD for simulation because of several
reasons. The objective of this research is to analyze the effects caused by the
MTF of medium. However, if we use real medium, other characteristics except
the MTF are also changed such as the mechanical dot gain and the color, opacity
and granularity of medium. The simulation-based evaluation on display using Eq.
(2) can change only the MTF characteristic. The simplicity of observer rating
experiment is another advantage using the display. The reason to use the LCD
as a display is that the MTF of LCD itself hardly decreases until its Nyquist
frequency [11]. Therefore, the MTF of device can be ignored.
4 Observer Rating Evaluation
To analyze the preferred MTF of printing medium, an observer rating evaluation
test is carried out. Two images simulated in Section 3 are displayed on the LCD
simultaneously. We defined seven types of MTF in Subsection 3.3, therefore
7C2 = 21 combinations exist. Subjects evaluate the total image quality of the
two images and select the better one. Thurstone’s paired comparison method
[12] is carried out to the obtained data and the psychological scale are obtained.
Three contents were used such as Lenna, Parrots and Pepper [13] as shown in
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(a) Lenna (b) Parrots
(c) Pepper
Fig. 11. Contents
Table 1. Paired comparison result (Lenna)
10% 25% 40% 55% 70% 85% 100%
10% 0.50 0.85 0.80 0.65 0.70 0.50 0.40
25% 0.15 0.50 0.45 0.40 0.35 0.25 0.10
40% 0.20 0.55 0.50 0.45 0.25 0.20 0.20
55% 0.35 0.60 0.55 0.50 0.20 0.15 0.00
70% 0.30 0.65 0.75 0.80 0.50 0.15 0.00
85% 0.50 0.75 0.80 0.85 0.85 0.50 0.10
100% 0.60 0.90 0.80 1.00 1.00 0.90 0.50
0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
MTF percentage [%]
O
bs
er
ve
r r
at
in
g 
va
lu
e
 
 
Lena
Parrots
Pepper
Average
Fig. 12. Observer rating values
Fig. 11. The number of subjects were twenty. The viewing distance was set to
1830 [mm]. The evaluation was conducted in a dark room.
Table 1 shows an example of measured result whose content is Lenna, where
these percentages are the MTF coverages. For example, the probability, (row, col-
umn) = (2,4) = 0.40, indicates that the 40 % of observers evaluated that the MTF
coverage of 55% is better than that of 25% for the image quality. If the probability
is 0.00 or 1.00, it was converted to 0.01 or 0.99 since Thurstone’s method cannot
calculate the psychological scale in that case [12]. Figure 12 shows the observer
rating value of each MTF percentage. The result shows that too low MTF is not
preferred and too highMTF is also not preferred.We consider too lowMTF causes
too low sharpness and too high MTF causes too high granularity caused by the
microscopic distribution of ink dots. As the dependence on the contents, the rat-
ing results of Parrots and Pepper were similar, however, the rating result of Lenna
was different from others. Parrots and Pepper have a commonality about the color
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histogram compared to Lenna. Therefore, it is a possibility that the color his-
togram affects the preffered MTF of printing medium. The case of using grayscale
image should be tested to separate the MTF effects to color and other characteris-
tics such as tone, sharpness and granularity. As the average observer rating value
to all contents, it was the best case that the MTF percentage is 40%. However it
may significantly depend on the resolution of the print which is 600 dpi in this case.
In the case of higher resolution, the granularity of the image is smaller therefore
the preferred MTF may become to be higher.
5 Conclusion
A method was proposed to simulate the spectral intensity distribution of printed
image by changing the MTF of printing medium like paper. The simulated image
was displayed on a high-precision LCD to simulate the appearance of image
printed on particular conditions: using three contents, dye-based inks, the error
diffusion method as the halftoning and a print resolution (600dpi). An observer
rating evaluation experiment was carried out to the displayed image to discuss
what the preferred MTF is for the image quality of printed image. Thurstone’s
paired comparison method was adopted as the observer rating evaluation method
because of the simplicity of evaluation and high reliability. The main achievement
of this research is that a framework was constructed to simply evaluate the effects
of MTF to the printed image. Our simulation method is flexible about changing
the printing conditions such as contents, ink colors, halftoning methods and the
printing resolution (dpi). As future works, we intend to carry out the same kind
of experiments on different printing conditions. The case of using grayscale image
should be tested to separate the MTF effects to color and other characteristics
such as tone, sharpness and granularity. The cases of using other halftoning
methods should be tested such as on-demand dither methods and density pattern
methods. The simulated printing resolution (dpi) can be changed by changing
the viewing distance from the LCD or by using other LCDs having different pixel
size (pixel pitch). In this paper, one ink dot of printed image was expressed by
one pixel on the LCD. If one ink dot is expressed by multiple pixels on the LCD,
the shape of ink dots can be simulated, which can express the mechanical dot
gain. We also intend to carry out the physical evaluation using the simulated
microscopic spectral intensity distribution oλ(x, y).
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Abstract 
 
A method is proposed to separately model the mechanical dot gain and the optical dot gain. First, an iterative algorithm is 
proposed to estimate the spatio-spectral transmittance of ink layer from the spatio-spectral reflectance of color halftone print 
measured with the reflection optical microscope attached with the liquid crystal tunable filter (LCTF). The spatio-spectral 
transmittance of ink layer is not affected by the optical dot gain and is only affected by the mechanical dot gain. Next, a model 
is proposed to estimate the effective dot coverage using the estimated spatio-spectral transmittance of ink layer. It corresponds 
to the analysis of mechanical dot gain. Next, a model is proposed to estimate the Yule-Nielsen’s n parameter using the effective 
dot coverage. It corresponds to the analysis of optical dot gain. Finally, the prediction accuracy of the proposed model is 
evaluated by the E94 between the measured and predicted spectral reflectance of offset printing images with cyan and magenta 
inks. The prediction accuracy of proposed model was significant since the average E94 and the maximum E94 of all samples 
between the measured spectral reflectance and the predicted spectral reflectance were 0.62 and 1.37, respectively. 
 
Introduction 
 
The color management system (CMS) is an important concept in order to efficiently share the color information between 
various digital imaging devices, such as printers, digital still cameras, scanners and displays. In the concept of CMS, the color 
information is managed in the device independent color space such as the CIE XYZ value, the CIE L*a*b* value or the 
spectral reflectance. Since the spectral reflectance is not influenced by the illumination environment, the CIE XYZ (or L*a*b*) 
value on the arbitrary illumination environment can be calculated from the spectral reflectance. To incorporate an imaging 
system to CMS, the color reproduction of the system needs to be comprehended. Compared to other imaging devices, it is not 
an easy task to predict the color reproduction of the printing system efficiently and accurately since the dot gain causes the 
nonlinear characteristic of the input-output relationship. Dot gain is a phenomenon in printing which makes printed paper look 
darker than intended. The dot gain effect can be classified to two types. One is a mechanical dot gain and the other is an optical 
dot gain. Due to the viscosity of ink, the shape of printed ink dot is changed compared to the intended shape. This phenomenon 
is called as the mechanical dot gain. Due to the mechanical dot gain, the printed dots are generally printed larger than intended. 
In other words, the dot coverage of actually printed is larger than that of intended, where the intended dot coverage is called as 
a nominal dot coverage and the actually printed dot coverage is called as an effective dot coverage. On the other hand, the 
optical dot gain called also as the Yule–Nielsen effect is caused by the light scattering in paper. Due to the light scattering in 
paper, the perceived dots are larger than actually printed dots. Since two types of dot gain is observed simultaneously, it is 
difficult to separately analyze the mechanical dot gain and the optical dot gain. 
 
In this research, a method is proposed to separately model and analyze the mechanical dot gain and the optical dot gain using 
the spatio-spectral reflectance data of color patches measured with a reflection optical microscope attached with a liquid crystal 
tunable filter (LCTF). 
 
Spectral Neugebauer Model 
 
The Neugebauer model [Neugebauwer, 1937] predicts the CIE XYZ tristimulus values of a color halftone patch as the sum of 
the tristimulus values of their individual colorants weighted by their fractional dot coverages ai. By considering instead of the 
tristimulus values of colorants their respective reflection spectra ri(), one obtains the spectral Neugebauer model [Hersch, 
2005] given by 
 
   
i
ii rar  ,                                                                 (1) 
 
where  denotes wavelength, r() is the spectral reflectance of color halftone patch and i denotes the color of ink. In color 
prints using three primary inks, cyan, magenta and yellow, for example, i indicates cyan c, magenta m, yellow y (primary 
colors), red r, green g, blue b (secondary colors), black k (tertiary color) or white p (paper, without ink). The spectra ri() 
corresponds to the solid prints spectra using the ink i. The word “solid” denotes the print with 100% coverage of ink. Equation 
(1) is a simple linear equation with the parameters ai. However, Eq. (1) cannot precisely predict the spectra of color halftone 
prints due to the dot gain effect. Even if the dot coverages ai denote the effective dot coverage where the mechanical dot gain is 
considered, the prediction accuracy of Eq. (1) is still poor due to the optical dot gain. 
 
 
Yule-Nielsen Modified Spectral Neugebauer Model 
 
Yule and Nielsen proposed their model to correct the prediction error caused by the optical dot gain for the black and white 
prints [Yule and Nielsen, 1951]. Viggiano applied the Yule-Nielsen model to the Neugebauer model [Viggiano, 1990], and have 
proposed the Yule-Nielsen modified spectral Neugebauer model is given by 
   
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Equation (2) is a nonlinear equation which corrects the prediction error caused by the optical dot gain by a parameter n. 
However, the parameter n is just an empirical value and has no physical meaning. If one changes the printing conditions such 
as the usage of different paper, different ink and different resolution of print, the parameter n has to be re-estimated from a lot 
of measurement of spectra. 
 
 
Spectral Reflection Image Model (SRIM) 
 
Ruckdeschel and Hauser [Ruckdeschel and Hauser, 1978] and Inoue et al. [Inoue et al., 1997] have proposed the same kind of 
prediction model having parameters which can provide the physical meaning of the dot gain effect given by 
 
         yxtrvuyxtyxr pp ,,MTF,, 1 FF                                          (3) 
 
where (x,y) denotes the spatial coordinates, (u,v) denotes the spatial frequency coordinates, r(x,y) is the spatial distribution of 
reflectance from the halftone print, t(x,y) is the spatial distribution of transmittance of ink layer, MTFp(u,v) is the modulation 
transfer function (MTF) of paper, rp is the reflectance of paper, and F and F-1 denote the operation of Fourier transform and 
inverse Fourier transform, respectively. Inoue et al. named this equation as a reflection image model (RIM). Figure 1 illustrates 
the light transfer behavior of RIM. The RIM expresses the halftone print as a spatial distribution of reflectance where the ink 
dots are superposed on paper, and it is assumed that the ink layer and paper can be optically separated. The light transfer 
behavior of RIM can be explained as the following steps. 
 
1. The halftone print is illuminated by the input light. 
2. The light transmits the ink layer by its transmittance t(x,y). 
3. The transmitted light enters into the paper. 
4. The light is scattered in paper by MTFp(u,v) and reflected by the reflectance rp. 
5. The reflected light transmits the ink layer by t(x,y) again before output. 
 
In the RIM, the function r(x,y) is affected by the mechanical dot gain and the optical dot gain, where the mechanical dot gain 
effect is expressed in the function t(x,y), and the optical dot gain effect is expressed in the function MTFp(u,v). 
 
The RIM can be extended to a spectral form. The spectral reflection image model (SRIM) is given by 
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where r(x,y;) is the spatio-spectral reflectance distribution of the color halftone print, t(x,y;) is the spatio-spectral 
transmittance distribution of the ink layer and rp() is the spectral reflectance of paper. To be exact, the function MTFp(u,v) 
should also be a spectral form i.e. MTFp(u,v;). We, however, assumed the paper’s MTF is independent on wavelength since 
the wavelength dependence of paper’s MTF is not significant [Ukishima et al., 2009]. 
 
 
Acquisition of Components in SRIM 
 
The SRIM shown in Eq. (4) can separately analyze the optical dot gain and mechanical dot gain. However, it is difficult to 
obtain parameters of SRIM compared to the Yule-Nielsen spectral Neugebauer model. The SRIM consists of four components, 
i.e., r(x,y;), rp(), MTFp(u,v) and t(x,y;). The functions r(x,y;) and rp() can be easily measured with a reflection optical 
microscope attached with a liquid crystal tunable filter (LCTF). A problem of the SRIM is difficulty to obtain the functions 
MTFp(u,v) and t(x,y;).  
 
 
Measurement of Paper’s MTF 
 
With respect to MTFp(u,v), several researchers have proposed the methods to measure the MTF of paper. Inoue et al. have 
proposed a method to project sinusoidal test patterns to the paper and measure the ratio of modulation depth of these patterns, 
respectively [Inoue et al., 1997]. Inoue et al. have also proposed another method not to project but to contact sinusoidal test 
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Fig. 1. Light transfer behavior in the reflection image model (RIM). 
target printed on film to paper to measure the ratio of modulation depth [Inoue et al., 1998]. Yule et al. [Yule and Nielsen, 
1951; Yule et al., 1967], Engeldrum and Pridham [Engeldrum and Pridham, 1995], and Atanassova and Jung [Atanassova and 
Jung, 2007] measured the line spread function (LSF) of paper from the edge spread function (ESF) obtained by the knife edge 
projection method. The MTF of paper was calculated from the Fourier transform of the LSF. Rogers has proposed a 
series-expansion bar-target technique [Rogers, 1998], where a bar-target image data is projected on paper and the response is 
measured. He calculated the ratio between the seriesexpansion coefficients of the Fourier transform of measured data and that 
of ideal bar-target data in order to decide the MTF of paper. 
 
We have also proposed a method to efficiently and accurately measure the MTFp(u,v) with the reflection optical microscope 
[Ukishima et al., 2009], where MTFp(u,v) is calculated by the fraction between two images of the pencil light response in 
Fourier domain where the two images are reflection images from the paper and the perfect specular reflector. From our 
measurement results, we concluded that MTFp(u,v) of various types of paper can be approximated by 
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where d is a fitting parameter which has different value in different paper. 
 
 
Difficulty of Acquisition for Spatio-Spectral Transmittance in Ink Layer 
 
A problem in usage of SRIM is the difficulty to obtain the spatio-spectral transmittance of ink layer t(x,y;) since t(x,y;) 
cannot be directly measured with the reflection optical microscope. 
 
As not the spatio-spectral transmittance t(x,y;) but the monochrome spatial transmittance t(x,y), Koopipat et al. have proposed 
that t(x,y) can be measured with a “transparent” optical microscope [Koopipat et al., 2002]. They made a microscope having 
two light sources where one illuminates the sample from the upper side for the reflectance measurement (Reflection mode) and 
the other illuminates the sample from the back side for the transmittance measurement (Transparency mode). They measured 
r(x,y) and rp with the reflection mode and measured t(x,y) with the transparency mode. To measure t(x,y), they used the 
transparency image model given by 
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where o(x,y) is the spatial intensity distribution of output light from the halftone print, i is the intensity of input light having 
spatial uniformity and tp is the transmittance of paper. One can obtain t(x,y) from the measurements of o(x,y), i and tp with the 
transparency mode using the equation given by 
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However, we would like to remark several problems of their method. 
 
Problem 1 The special microscope having two light sources is needed. 
Problem 2 If the paper has a high thickness, then measurements of o(x,y) and tp are difficult since little amount of 
light is transmitted. 
Problem 3 Many types of paper have a deep fiber structure in the transmittance image especially in the uncoated 
paper. It means that the assumption is not valid that tp is spatially uniform in Eq. (6). Of course the reflectance of paper rp 
in the RIM in Eq. (3) also has the fiber structure. However, the non-uniformity level is less significant than tp. Figure 2 
shows the fiber structure of an uncoated paper in rp and tp. 
Problem 4 If one uses t(x,y) measured with the transparent microscope to predict r(x,y) by Eq. (3), the prediction 
accuracy is significantly poor. This experimental fact is caused by a problem hiding in the RIM itself. Let a solid patch of 
print is considered in the RIM. It means t(x,y) = tcons with a constant value tcons. In this case, Eq. (3) can be converted to 
the form given by 
 
                     2, conspcons trryxr                                                          (8) 
 
Equation (8) suggests that the reflectance rcons is proportional to (tcons)2. However, Eq. (8) is not valid in real case 
especially in the case that tcons has a low value corresponding that the ink has high density. It is caused by the effect of 
specular reflection, the light scattering effect in ink layer, and the geometrical difference of measurement between r(x,y) 
and t(x,y). 
      
(a)                               (b) 
Fig. 2. Reflectance and transmittance images of uncoated paper:  
(a) reflectance, and (b) transmittance. 
Proposed Method to Estimate Spatio-Spectral Transmittance in Ink Layer 
 
According to the acquisition of spatio-spectral transmittance of ink layer, several problems of the conventional 
measurement-based method were described in the previous section. Problem 4 is the most serious problem since it indicates 
that the measured t(x,y;) with any measurement-based methods would not be working in the SRIM. If one uses the SRIM, one 
has to obtain t(x,y;) as a function which is consistent with the SRIM. To solve this problem, in this section, a method is 
proposed to obtain t(x,y;) which is consistent with the SRIM not by the measurement-based method but by an 
estimation-based method. 
 
We mentioned that functions r(x,y;), rp() and MTFp(u,v) in Eq. (4) can be measured with the reflection optical microscope 
attached with the LCTF. The spatio-spectral transmittance t(x,y;) cannot only be measured with the reflection optical 
microscope. Therefore, if one can solve the Eq. (4) with respect to t(x,y;), the analytical solution t(x,y;) satisfies Eq. (8). 
However, it is difficult to mathematically solve Eq. (4) with respect to t(x,y;) since two transmittance functions t(x,y;) are 
located in inside and outside of the Fourier operations, respectively. The problem is that how one can obtain t(x,y;). Then, we 
propose a iterative algorithm to estimate the approximate solution of t(x,y;) using the SRIM. The proposed iterative algorithm 
is described in Fig. 3. 
 
Figure 4(a) shows an example of the spatio-spectral reflectance of color halftone print r(x,y;) measured with a reflection 
optical microscope attached with the LCTF. The spectral image is displayed by converting it to the CIE RGB image. This 
example is a color patch of offset print with the amplitude modulation (AM) screening where the nominal dot coverages of 
cyan and magenta are 0.4 and 0.2, respectively. Figure 4(b) shows an example of the spatio-spectral transmittance of ink layer 
t(x,y;) estimated by the proposed iterative algorithm from the measured r(x,y;). Since the spatio-spectral transmittance 
t(x,y;) is not affected by the optical dot gain, the ink dots looks brighter and sharper. It is considered that the mechanical dot 
gain can directly be analyzed using t(x,y;). 
 
As the microscope system to measure the spatio-spectral reflectance shown in Fig. 4(a), we used a reflection optical 
microscope (BX50, Olympus) attached with a LCTF (VariSpec Cis Corp., CRI) and with a monochrome CCD camera 
(INFINITY411M, Lumenera Corp., 12bit quantization, USB 2.0). The image were captured with a resolution of 2048  
2048. An objective lens whose magnification power is 4 was used and, in this case, the vertical and horizontal pixel pitches 
are 1.96 m. The spectral resolution of the measurement was set to 30 nm in the interval of wavelength 430 - 700 nm [10 
bands]. To remove the specular reflection component, two polarizers were attached in front of the camera and the light source, 
respectively. The microscope system is shown in Fig. 5. Divided by a spectral image of white reference, the measured images 
were converted to spatio-spectral reflectance factor r(x,y;). 
 
 Let n is the number of bands with respect to .
The iteration is performed with respect to each j, respectively.
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Fig. 3. The proposed iterative algorithm to estimate the approximate solution of t(x,y;) using the SRIM. 
  
   
(a)                                           (b) 
Fig. 4. Measured and estimated spatio-spectral reflectance and transmittance: 
(a) measured spatio-spectral reflectance (b) estimated spatio-spectral transmittance. 
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Fig. 5. The reflection optical microscope attached with a liquid crystal tunable filter (LCTF). 
Transmittance-Based Spectral Neugebauer Model  
for Analyzing only Mechanical Dot Dain 
 
The spectral Neugebauer model given by Eq. (1) practically does not work due to the optical dot gain effect. However, the 
spatio-spectral transmittance of ink layer t(x,y;) is not affected by the optical dot gain. It implies that the spectral Neugebauer 
model practically works in the domain of transmittance of ink layer. Then, we propose the transmittance–based spectral 
Neugebauer model given by 
 
   
i
ii tat                                                            (9) 
 
with constraints 
 
10  ia , 1
i
ia                                                      (10) 
 
where the suffix i contains c, m, y, r, g, b, k and p when three primary inks are used, )(t  is the spatial average value of 
t(x,y;) and )(it  is the spatial average value of t(x,y;) for the solid prints of each color i. Note that when i denotes p, )(it  
indicates the transmittance of ink layer without ink, therefore 
 
  1pt                                                                (11) 
 
 
Validity of Model 1 
 
In this section, the validity of the proposed transmittance-based spectral Neugebauer model is evaluated. 
 
As the measurement sample, color patches with cyan and magenta inks printed with an offset printer on a coated paper 
(ISO12642, JAPAN COLOR 2007) were used. The nominal dot coverages of the patches are all cyanmagenta combinations of 
0, 0.20, 0.40, 0.70 and 1.00, respectively. The total number of samples is therefore twenty five. As the measurement system, the 
same microscope system shown in Fig. 5 was used. The MTF of the coated paper was preliminary measured by our proposed 
method [Ukishima et al., 2009], and the parameter d was obtained in Eq. (5) where d = 0.030. 
 
The verification flow is shown in Fig. 6 (Verification (1)). Using the proposed iterative algorithm, the spatio-spectral 
transmittance t(x,y;) was estimated from the measured spatio-spectral reflectance r(x,y;). Next, the average transmittance 
)(t  was calculated from t(x,y;). Next, the effective dot coverage ai of each ink i was estimated by Eq. (9) with a constrained 
least square method, respectively. Next, the prediction spectrum )(t   was calculated using estimated ai and Eq. (9). Finally, 
the predicted transmittance spectrum )(t   was compared to the correct spectrum )(t . Figure 7 shows the several examples 
of results. The E94 values were evaluated with respect to all sample patches between the correct and predicted spectra. The 
prediction accuracy was significant since the average E94 and the maximum E94 of all samples were 0.26 and 0.64, 
respectively. It can be concluded that the proposed linear equation (9) is valid in transmittance )(t  space which is not be 
affected by optical dot gain. 
 
 
Transmittance-Based Yule-Nielsen Modified Spectral Neugebauer Model 
for Analyzing only Optical Dot Dain 
 
We concluded that only the mechanical dot gain can be analyze by Eq. (9). In this section, we propose a model to analyze only 
the optical dot gain. 
 
Let the optical dot gain effect is ignored in SRIM in Eq. (4). It corresponds that 
 
  1,MTF vup ,                                                            (12) 
 
Therefore, Eq. (4) is converted as 
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In this case, the spatial average spectrum )(r  of r(x,y;) is given by 
 
       prtr 2                                                           (14) 
 
According to Eq. (14), a transmittance-based Yule-Nielsen modified spectral Neugebauer model is proposed given by  
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Using the parameter n, Eq. (15) re-expresses the optical dot gain effect which is ignored in Eq. (13). The unknown parameter is 
only n in Eq. (15) since the effective dot coverages ai has been already estimated using Eq. (9). Therefore, it can be easily 
estimated by a nonlinear optimization. 
 
 
Validity of Model 2 
 
In this section, the validity of the proposed transmittance-based Yule-Nielsen modified spectral Neugebauer model is evaluated. 
 
The verification flow is shown in Fig. 6 (Verification (2)). The YuleNielsen’s parameter n was estimated by Eq. (15). As a 
training data for the nonlinear optimization, only one sample patch was used, where the nominal dot coverage (cyan, yellow) = 
(0.40, 0.40). The estimated n was equal to 1.99. Next, using the effective dot coverages ai and the estimated Yule-Nielsen’s 
parameter n, the prediction spectra )(r   were calculated with respect to all sample patches by Eq. (15). Finally, the predicted 
spectral reflectance )(r   were compared to the measured spectral reflectance )(r . Figure 8 shows the several examples of 
results. The E94 values were also evaluated between the measured and predicted spectra. The prediction accuracy was 
significant since the average E94 and the maximum E94 of all samples were 0.62 and 1.37, respectively. It can be concluded 
that the proposed nonlinear equation (15) is valid. 
 
 
Conclusion 
 
In this research, a method was proposed to separately model the mechanical dot gain and the optical dot gain. The 
spatio-spectral transmittance of ink layer was estimated by applying the proposed iterative algorithm to the spatio-spectral 
reflectance of color halftone print measured with the reflection optical microscope attached the liquid crystal tunable filter 
(LCTF). The spatio-spectral transmittance of ink layer is not affected by the optical dot gain and is only affected by the 
mechanical dot gain. The effective dot coverage is estimated by applying the proposed transmittance-based spectral 
Neugebauer model in Eq. (9) to the spatio-spectral transmittance of ink layer to analyze the mechanical dot gain. The estimated 
effective dot coverage is applied to the proposed transmittance-based Yule-Nielsen modified spectral Neugebauer model in Eq. 
(15) in order to estimate the Yule-Nielsen’s n parameter which quantifies the optical dot gain. The prediction accuracy of Eq. 
(15) was significant since the average E94 and the maximum E94 of all samples between the measured spectral reflectance 
and the predicted spectral reflectance were 0.62 and 1.37, respectively. 
 
As future works, we would like to apply the Demichel’s equation to the proposed transmittance-based Yule-Nielsen modified 
spectral Neugebauer model in order to predict the spectral reflectance of arbitrary input using the limited number of 
measurements as the training. We also would like to propose the method to predict not only the spectral reflectance but also the 
spatial distribution of reflectance, i.e., the spatio-spectral reflectance where the spatial distribution of reflectance of color patch 
is related to the granularity of halftone print. 
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Fig. 7. Prediction of average spectral transmittance.    Fig. 8. Prediction of average spectral reflectance. 
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Abstract
As the spectral prediction model for color halftone prints
using the microscopic measurement, the conventional spectral
reflection image model (SRIM) is extended by introducing the
concept of the conventional spectral Neugebauer Model, and
a new prediction model, the Neugebauer modified spectral re-
flection image model (NMSRIM), is proposed. Compared to the
SRIM, the NMSRIM abstracts the spatio–spectral transmittance
distribution of ink layer using the limited number of base color
functions and the spatial position function for each base color
function in order to efficiently predict the reflectance of color
halftone prints from a small number of measurements. The NM-
SRIM separately analyzes the mechanical dot gain and the op-
tical dot gain. The NMSRIM can predict not only the spectral
reflectance but also the microscopic spatial distribution of re-
flectance. The spatial distribution of reflectance is related to the
appearance of halftone prints. The methods to obtain the pa-
rameters of NMSRIM are also proposed. Several parameters
are obtained by measurements and the others are obtained by
computational estimations. To evaluate the validity of the NM-
SRIM, the spatio–spectral distribution of reflectance printed with
two inks, cyan and magenta (testing data) is predicted from the
measurements of the halftone prints printed with one ink, the un-
printed paper, and the solid prints of inks which are the cyan,
magenta and blue (training data), where the blue corresponds
to the combination of cyan and magenta inks. The spectral pre-
diction accuracy was significant since the average and maximum
values of ΔE94 in all samples were 0.66 and 1.30, respectively.
We also obtained the interesting results according to the spatial
prediction accuracy.
Introduction
In recent years, the image information is changed to dig-
ital form with dizzying speed. The digital image is captured,
recorded, transferred, analyzed, printed and output with various
imaging devices such as digital still cameras, scanners, various
types of printers and various types of displays. To share the color
information of image between imaging devices efficiently, the
color management system (CMS) is important. The concept of
CMS is that the color information of image is managed in the
form of not a device dependent color but a device independent
color such as the CIE XYZ value, the CIE L*a*b* value and the
spectral reflectance. The spectral reflectance is the most versatile
value since it is not influenced by the illumination environment.
The CIE XYZ (or L*a*b*) value on the arbitrary illumination
environment can be calculated from the spectral reflectance.
To incorporate an imaging system to CMS, the color repro-
duction of the system need to be comprehended. From its linear-
ity of the additive color mixture, it is not a hard work to predict
the color reproduction of cameras, scanners and displays from a
small number of measurements. However, compared to systems
based on the additive color mixture, it is difficult to predict the
color reproduction of the ”printing” system based on the subtrac-
tive color mixture due to its nonlinearity. The printing system
prints the image as a halftone image where it is constituted as an
on–off image of ink dots microscopically. Since the input light
into the halftone print is mainly attenuated by the ink region, the
reflectance is related to the coverage of ink. However, since the
light scattering in paper causes the optical dot gain, the nonlinear
relationship is occurred between the reflectance and ink cover-
age.
A lot of color patches are printed and their color characteris-
tics are obtained by the reflectance measurement. The most prim-
itive solution to comprehend its reproduction is to measure the all
combinations of inputs to printer. However, it is not a practical
method since too many color patches need to be measured. The
second solution is the interpolation–based method using a look
up table (LUT). The LUT is generated from not measurements of
all combinations but several measurements. The unknown color
values are mathematically interpolated and estimated using LUT.
However, due to the nonlinearity of printing system mentioned
above, one still needs a lot of measurements for high estimation
accuracy. The third solution is the prediction–based method us-
ing prediction models. This is the most efficient solution since
the nonlinearity can be described in the prediction models. Us-
ing the limited measurement values, the unknown color values
are predicted by the prediction model. The problems are how the
prediction model is defined and how the parameters included in
the model are obtained.
The reflectance measurement can be done by the macro-
scopic measurement or the microscopic measurement. The
macroscopic measurement is generally based on the point mea-
surement with the spectrophotometer, the spectroradiometer and
the macro–densitometer. On the other hand, The microscopic
measurement is based on the image measurement with the re-
flection optical microscope and the micro–densitometer.
In the current printing industry, the macroscopic measure-
ment is generally used because of its advantages where the mea-
surement time and data size are smaller than that of micro-
scopic measurement. Additionally, a lot of prediction models
for data obtained by the macroscopic measurement have been
proposed such as Murray–Davies equation [1], Yule–Nielsen
equation [2], Neugebauer equation [3], Yule–Nielsen modi-
fied Neugebauer equation [4], Clapper–Yule model [5], ex-
tended Clapper–Yule model [6, 7], Williams–Clapper model [8],
extended Williams–Clapper model [9], generalized model of
Clapper–Yule and Williams–Clapper models [10] reflectance and
transmittance model for recto-verso halftone prints [11, 12, 13],
Kubelka–Munk model [14, 15], revised Kubelka–Munk model
[16, 17, 18], models considering the ink penetration into paper
[19, 20, 21], and a model considering the fluorescent effect [22].
On the other hand, the microscopic measurement has sev-
eral disadvantages where it is time–consuming for measurement,
the measured data size is large since the data is the (spectral) im-
age, few prediction models have been proposed to analyze the
data obtained by the microscopic measurement, and the parame-
ters of the models are difficult to obtain compared to the case of
the macroscopic measurement. However we use the microscopic
measurement in this research because of the following advan-
tages.
• Accurate dot gain analysis can be done since the dot gain
effect can clearly be observed in halftone micro–structure.
• The measured data can be applied to analyze not only color
reproduction but also granularity and sharpness since the
measured data is the microscopic image (spatial or spatio–
spectral reflectance distribution).
• The detail analysis can be done for paper and ink them-
selves. The results would directly be applied to the devel-
opment of paper and ink.
In this research, we propose a new prediction model based
on the microscopic measurement in order to efficiently pre-
dict the spatio–spectral reflectance distribution of color halftone
prints from a small number of measurements. The validity of the
proposed model is evaluated and discussed through a prediction
experiment.
Conventional Spectral Prediction Models
Spectral Neugebauer Model
The Neugebauer model [3] predicts the CIE XYZ tristimu-
lus values of a color halftone patch as the sum of the tristimulus
values of their individual colorants weighted by their fractional
dot coverages ai. By considering instead of the tristimulus values
of colorants their respective reflection spectra ri(λ ), one obtains
the spectral Neugebauer equation [23] given by
r(λ ) = ∑
i
airi(λ ), (1)
where r(λ ) is the spectral reflectance of color halftone patch and
the suffix i indicates the color of ink. In color prints using three
inks, cyan, magenta and yellow, for example, i indicates cyan c,
magenta m, yellow y (primary colors), red r, green g, blue b (sec-
ondary colors), black k (tertiary color) or white p (paper). The
spectra ri(λ ) corresponds to the solid prints spectra using the
ink i. Equation (1) is a simple linear equation with the param-
eters ai. However, Eq. (1) cannot precisely predict the spectra
of color halftone prints due to the dot gain effect. Dot gain is
phenomena in printing whereby the printed image becomes to be
darker than intended. The dot gain effect can be classified to two
types: One is a mechanical dot gain and the other is an optical
dot gain. Due to the viscosity of ink, the shape of printed ink dot
is changed compared to the intended shape. This phenomenon is
called as the mechanical dot gain or the physical dot gain. Due
to the mechanical dot gain, the printed dots are generally printed
bigger than intended, In other words, the dot coverage of actu-
ally printed is bigger than that of intended, where the intended
dot coverage is called as a nominal dot coverage and the actually
printed dot coverage is called as a effective dot coverage. On the
other hand, the optical dot gain called also as the Yule–Nielsen
effect is caused by the light scattering in paper. Due to the light
scattering in paper, the printed dots are perceived bigger than
actually printed. Additionally, the perceived ink dot is blurred.
Therefore, the optical dot gain affects not only color reproduc-
tion of the print but also granularity and sharpness of the print.
Even if the dot coverages ai denote the effective dot coverage,
the prediction accuracy of Eq. (1) still poor due to the optical dot
gain.
Yule–Nielsen Modified Spectral Neugebauer
Model
Yule and Nielsen proposed their model to correct the predic-
tion error caused by the dot gain for the black and white prints
[2]. Viggiano applied the Yule-Nielsen model to the Neugebauer
equation [4] . The Yule-Nielsen modified spectral Neugebauer
equation is given by
r(λ ) =
{
∑
i
airi(λ )1/n
}n
. (2)
Equation (2) is a nonlinear equation which corrects the predic-
tion error caused by the dot gain by a parameter n. However, the
parameter n is just an empirical value and has no physical mean-
ing. If one changes the printing conditions such as the usage of
different paper, different ink and different resolution of print, the
parameter n has to be re–estimated from a lot of measurement of
spectra.
Spectral Reflection Image Model
Ruckdeschel and Hauser [24] and Inoue et al. [25] have
proposed the same kind of prediction model having parameters
which can provide the physical meaning of the dot gain effect
given by
r(x,y) = F−1
[
F{t(x,y)}MTFp(u,v)
]
rpt(x,y). (3)
where (x,y) denotes the spatial coordinates, (u,v) denotes the
spatial frequency coordinates, r(x,y) is the spatial distribution
of reflectance from the halftone print, t(x,y) is the transmittance
spatial distribution of ink layer, MTFp(u,v) is the modulation
transfer function (MTF) of paper, rp is the reflectance of pa-
per, and F and F−1 denote the operation of Fourier transform
and inverse Fourier transform, respectively. Inoue et al. named
this equation as a reflection image model (RIM). Figure 1 illus-
trates the light transfer behavior of RIM. The RIM expresses the
halftone print as a spatial distribution of reflectance where the ink
dots are superposed on paper, and it is assumed that the ink layer
and paper can be optically separated. The light transfer behavior
of RIM can be explained as the following steps.
1. The halftone print is illuminated by the input light.
2. The light is partly absorbed and transmitted in the ink layer
by its transmittance t(x,y).
3. The transmitted light enters into the paper.
4. The light is scattered in paper by MTFp(u,v) and reflected
by the reflectance rp.
5. The reflected light is partly absorbed and transmitted in the
ink layer by t(x,y) again before output.
In the RIM, the function r(x,y) is affected by the mechanical
dot gain and the optical dot gain, where the mechanical dot gain
effect is expressed in the function t(x,y), and the optical dot gain
effect is expressed in the function MTFp(u,v).
The RIM can directly be extended to a spectral form. The
spectral reflection image model (SRIM) is given by
r(x,y;λ ) = F−1
[
F{t(x,y;λ )}MTFp(u,v)
]
rp(λ )t(x,y;λ ). (4)
where λ denotes wavelength, r(x,y;λ ) is the spatio–spectral
reflectance distribution of the color halftone print, t(x,y;λ ) is
the spatio–spectral transmittance distribution of the ink layer
and rp(λ ) is the spectral reflectance of paper. To be ex-
act, the function MTFp(u,v) should also be a spectral form
i.e. MTFp(u,v;λ ). We, however, assumed the paper’s MTF is
independent on wavelength since the wavelength dependence of
paper’s MTF is not significant [26].
The functions r(x,y;λ ) and rp(λ ) in the SRIM can be mea-
sured with a reflection optical microscope attached with a liquid
crystal tunable filter (LCTF). A problem of the SRIM (RIM) was
difficulty to obtain the functions MTFp(u,v) and t(x,y;λ ). With
respect to MTFp(u,v), we have proposed a method to efficiently
and accurately measure the MTFp(u,v) with the reflection opti-
cal microscope [26], where MTFp(u,v) is calculated by the frac-
tion between two images of the pencil light response in Fourier
domain where the two images are reflection images from the pa-
per and the perfect specular reflector. From our measurement
results, we concluded that MTFp(u,v) of various types of paper
can be approximated by
MTFp(u,v)≈ 1√
1+(2πd)2(u2 + v2)
, (5)
where d is a fitting parameter which has different value in dif-
ferent paper. On the other hand, with respect to t(x,y;λ ), we
have proposed a method to estimate the function using a compu-
tational iteration algorithm [27] as a following procedure.
1. The iteration is performed to each wavelength λ , respec-
tively.
2. Arbitrary spatial distribution is set to t(x,y;λ ) (Initializa-
tion).
3. One substitutes t(x,y;λ ) to Eq. (4) and obtained a predicted
rˆ(x,y;λ ).
4. A signed prediction error function e(x,y;λ ) is calculated
by
e(x,y;λ ) = r(x,y;λ )− rˆ(x,y;λ ). (6)
5. A root mean square error (RMSE) of e(x,y;λ ) is calculated
by
e(λ ) =
√
1
lxly
∫ ly
0
∫ lx
0
{e(x,y;λ )}2dxdy. (7)
where lx and ly are the horizontal and vertical lengths of
image e(x,y;λ ), respectively.
6. If the RMSE e(λ ) is sufficiently small value, the iteration
is stopped. The current t(x,y;λ ) is the estimation result.
Otherwise, one goes to the next step.
7. One sets t(x,y;λ )+ e(x,y;λ ) as a new t(x,y;λ ).
8. Return to process 3.
Proposed Model: Neugebauer Modified
Spectral Reflection Image Model
The spectral Neugebauer model described in Eq. (1) sim-
ply expresses the spectral reflectance of the halftone print as the
limited number of base functions ti(λ ) and their weights ai. The
t(x,y)
MTFp(u,v)
rp
r(x,y)
Reflectance Incident light
Light scattering
Ink layer
Paper
Figure 1. Light transfer behavior in RIM.
number of i is only eight when three primary inks are used; cyan,
magenta and yellow. In this section, the concept of the Neuge-
bauer Model is applied to the SRIM to increase the efficiency of
prediction. As an extended version of the SRIM, we propose a
new spectral prediction model named as a Neugebauer modified
spectral reflection image model (NMSRIM).
Transmittance–based Neugebauer Model
As mentioned above, Eq. (1) practically does not precisely
work due to the optical dot gain effect. We also mentioned
that the transmittance spatio–spectral distribution of ink layer
t(x,y;λ ) in the SRIM is not affected by the optical dot gain. It
implies that the Neugebauer Model practically works in the do-
main of transmittance of ink layer. Then, we have proposed the
transmittance–based spectral Neugebauer Model [27] given by
t¯(λ ) = ∑
i
ait¯i(λ ) (8)
with constraints
0≤ ai ≤ 1 and ∑
i
ai = 1, (9)
where the suffix i contains c, m, y, r, g, b, k and p when three pri-
mary inks are used, t¯(λ ) is the spatial average value of t(x,y;λ )
and t¯i(λ ) is the spatial average value of t(x,y;λ ) for the solid
prints of each color i. Note that when i denotes p, t¯i(λ ) indicates
the transmittance of ink layer without ink, therefore
t¯p(λ ) = 1. (10)
Neugebauer Modified Spectral Reflection Image
Model
According to the concept of Eq. (8), we approximate the
spatio–spectral transmittance distribution of ink layer t(x,y;λ )
by an equation given by
t(x,y;λ ) = ∑
i
Ai(x,y)t¯i(λ ), (11)
where
Ai(x,y) =
{
1 where ink of color i exists
0 otherwise (12)
with constraints
1
lxly
∫ ly
0
∫ lx
0
Ai(x,y)dxdy = ai (13)
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Figure 2. Training data and testing data for the prediction experiment of
spatio–spectral distribution of reflectance.
and
∑
i
Ai(x,y) = 1 at all positions in (x,y). (14)
The function Ai(x,y) denotes the positions where the ink of color
i which spectrum is t¯i(λ ) exists. Equation 11 abstracts the spatio–
spectral transmittance distribution of ink layer, t(x,y;λ ), using
the limited number of base color functions t¯i(λ ) and the spa-
tial position function Ai(x,y) for each base color function. From
Eqs. (4) and (11) the proposed NMSRIM is obtained and given
by
r(x,y;λ ) = F−1
[
F{∑i Ai(x,y)t¯i(λ )}MTFp(u,v)
]
·rp(λ ){∑i Ai(x,y)t¯i(λ )} . (15)
Spectral Reflectance Prediction using NM-
SRIM
In this section, an application of the proposed NMSRIM is
discussed through the experiment of spatio–spectral reflectance
prediction for a color halftone print. The experimental results
are discussed to evaluate the validity of NMSRIM.
Establishment of Research Problem
The research problem is as follows. With respect to the
halftone prints printed with cyan and magenta inks, how the
spatio–spectral distribution of reflectance printed with two inks
(testing data) is predicted from the measurements of limited
training data where the training data contain the halftone prints
printed with one ink, the un-printed paper, and the solid prints
of inks which are the cyan, magenta and blue (Fig. 2), where the
blue corresponds to the combination of cyan and magenta inks.
Experimental Conditions
As measurement samples, We used color patches with cyan
and magenta inks printed with an offset printer on a coated pa-
per (ISO12642, JAPAN COLOR 2007). The sample patches
are composed of twenty five sets of cyan–magenta combination
where each nominal dot coverage of cyan or magenta is 0, 0.20,
0.40, 0.70 or 1.00, respectively. The spatio–spectral images of
sample patches were measured with a reflection optical micro-
scope (BX50, OLYMPUS) attached with a LCTF (VariSpec CIS
Corp., CRI) and with a monochrome CCD camera (INFINITY4–
11M, Lumenera Corp., 12–bit quantization, USB 2.0). The im-
ages were captured with a spatial resolution of 1024×1024. An
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Figure 4. Measured data and fitted curve by Eq. (5) of paper’s MTF.
450 500 550 600 650 700
0
0.2
0.4
0.6
0.8
1
Wavelength [nm]
S
p
ec
tr
al
 t
ra
n
sm
it
ta
n
ce
( )λmt
( )λct
( )λbt
( )λct ( )λmt.
Figure 5. Estimated spectal transmittance t¯i(λ ) of cyan, magenta and
blue.
objective lens whose magnification power is 4× was used and, in
this condition, the vertical and horizontal pixel pitches are 1.96
μm. The spectral resolution of the measurement was set to 30nm
in the interval of wavelength 430–700nm [10 bands]. To remove
the specular reflection component, two polarizers were attached
in front of the camera and the light source, respectively. Divided
by a spatio–spectral image of white reference, the measured im-
ages were converted to spatio–spectral reflectance factor distri-
butions r(x,y;λ ).
Experimental Procedure for training
Figure 3 illustrates the schematic diagram for training. The
model parameters of the NMSRIM are measured or estimated by
a following procedure.
Spectral reflectance of paper rp(λ )
From the measurement of un–printed paper, the spectral re-
flectance rp(λ ) is obtained. The function rp(λ ) is calcu-
lated from the spatial average of the measured image.
MTF of paper MTFp(u,v)
The MTF of the paper is measured by the our method [26].
We estimate the parameter d in Eq. (5) by a nonlinear op-
timization. We used a MATLAB function fminsearch as
the nonlinear optimization tool. In the case of the sample
coated paper, d was 0.030. The appoximated one dimen-
sional MTF curve of the coated paper is shown in Fig. 4
Spectral transmittance of solid ink layer t¯i(λ )
From the measurement of three solid patches with cyan,
magenta and blue, the spatio–spectral reflectance distribu-
tion ri(x,y;λ ) is obtained (i = {c,m,b}). Using ri(x,y;λ ),
rp(λ ) and MTFp(u,v), the spatio–spectral transmittance
distribution ti(x,y;λ ) is estimated by our computational it-
eration algorithm. From the spatial average of ti(x,y;λ ),
the spectral transmittance t¯i(λ ) is obtained. Figure 5 shows
the estimated spectra t¯i(λ ) of cyan, magenta and blue.
Note that we obtain t¯b(λ ) not by multiplication of t¯c(λ )
and t¯m(λ ) but by the measurement of the patch printed with
100% of cyan and magenta inks. In Fig. 5, one can clearly
observe that
t¯b(λ ) = t¯c(λ )× t¯m(λ ). (16)
Equation (16) is caused by several reasons. One is due to
that the SRIM (or RIM) does not consider the light scat-
tering effect in ink layer. If the cyan ink is printed firstly,
and the magenta ink is printed secondly on the cyan ink,
the larger amount of light input from the upper side of print
travels in the magenta ink than in the cyan ink since the
several amount of light is scattered and reflected in the ma-
genta ink and it travels only in the magenta ink. This fact
derives Eq. (16). The other is due to the lack of trapping
which is a phenomenon in the offset printing where in this
case the amount of magenta ink printed on the cyan ink
dons not correspond to that printed on the paper. The lack
of trapping also derives Eq. (16). From Eq. (16), in this
research, we obtain t¯b(λ ) by the measurement. In other
words, we consider that the superposition of two solid inks
yields a new colorant, e.g., the superposition of cyan and
magenta inks yields the blue colorant.
Spatial position of dots Ai(x,y)
The spatial position of dots Ai(x,y) of the halftone patches
printed with one ink (cyan or magenta) is estimated. In the
case of the print with one ink, Eq. (11) can be rewritten by
t(x,y;λ ) = Ai(x,y)t¯i(λ )+{1−Ai(x,y)}t¯p(λ ). (17)
As we described in Eq. (10), t¯p(λ ) is one at all λ , therefore,
t(x,y;λ ) = Ai(x,y)t¯i(λ )+1−Ai(x,y), (18)
where the formula 1− Ai(x,y) corresponds to the spatial
positions of un–printed region:
1−Ai(x,y) = Ap(x,y). (19)
Using Eq. (18), the spatial position of dots Ai(x,y) is esti-
mated by a following algorithm.
1. From the measurement of the halftone patches
printed with one ink (cyan or magenta), the spatio–
spectral reflectance distribution r(x,y;λ ) is obtained.
Using r(x,y;λ ), rp(λ ) and MTFp(u,v), the spatio–
spectral transmittance distribution t(x,y;λ ) is es-
timated by our computational iteration algorithm.
From the spatial average of t(x,y;λ ), the spectral
transmittance t¯(λ ) is obtained.
2. According to the transmittance–based Neugebauer
model described in Eqs. (8) and (9), the effective
dot coverage ai of each halftone patch is estimated
by a constrained least square method using t¯(λ ) and
t¯i(λ ). We used a MATLAB function lsqlin in Opti-
mization Toolbox as a tool of the constrained least
square method.
3. A spatial distribution of mean square error E(x,y) is
calculated by
E(x,y) =
∫
λ
{t(x,y;λ )− t¯i(λ )}2dλ . (20)
4. Let N is the number of pixels of the error image
E(x,y). Then, the number of pixels of ink dot is aiN.
5. For initialization, Ai(x,y) is set to zero at all pixels
(x,y).
6. A certain position (xmin,ymin) is searched, where
E(xmin,ymin) has the smallest value in E(x,y).
7. The pixel A(xmin,ymin) is set to one.
8. The pixel E(xmin,ymin) is set to ∞.
9. The procedures 6, 7 and 8 are iterated aiN times.
Experimental Procedure for testing
Figure 6 illustrates the schematic diagram for testing of pre-
diction.
Let ACi (x,y) and A
M
i (x,y) are Ai(x,y) of the patches printed
with one ink (cyan or magenta), respectively. The functions
ACi (x,y) and A
M
i (x,y) were estimated in the previous subsection.
The first procedure for the prediction of testing patch is estima-
tion of ACMi (x,y) using A
C
i (x,y) and A
M
i (x,y), where ACMi (x,y)
is Ai(x,y) of the patch printed with two inks (cyan and magenta).
The function ACMi (x,y) for each i is calculated by
ACMc (x,y) = ACc (x,y) · {1−AMm (x,y)}
ACMm (x,y) = {1−ACc (x,y)} ·AMm (x,y)
ACMb (x,y) = A
C
c (x,y) ·AMm (x,y)
ACMp (x,y) = {1−ACc (x,y)} · {1−AMm (x,y)}
, (21)
respectively. Equation (21) is similar to the Demichel’s equation.
The second procedure is the prediction of the spatio–
spectral reflectance distribution by the NMSRIM described in
Eq. (15) using ACMi (x,y) and parameters measured or estimated
from the training data which are rp(λ ), MTFp(u,v) and t¯i(λ ).
Therefore, the spatio–spectral reflectance distribution of the
patch printed with two inks, rCM(x,y;λ ), is predicted by
rˆCM(x,y;λ ) = F−1
[
F
{
∑i ACMi (x,y)t¯i(λ )
}
MTFp(u,v)
]
·rp(λ ){∑i ACMi (x,y)t¯i(λ )}
.
(22)
Results and Discussions
As an example of the prediction, a nominal dot coverage
combination is shown in Figs. 3 and 6 where that of cyan is 0.4
and that of magenta is 0.2. The predicted spatio–spectral distri-
bution of reflectance, rˆCM(x,y;λ ), looks similar to the measured
rCM(x,y;λ ). An advantage of the prediction with the NMSRIM
that it can predict not only the color but also the spatial appear-
ance. Any other prediction models based on the macroscopic
measurement cannot predict the spatial appearance.
Figure 7 compares the measured and predicted results of
average spectral reflectance in spatial coordinates with respect to
several testing samples:
r¯CM(λ ) = 1
lxly
∫ ly
0
∫ lx
0
rCM(x,y;λ )dxdy. (23)
Table 1 shows the ΔE94 values between the measured and pre-
dicted average spectral reflectance in spatial coordinates with re-
spect to all testing samples. The prediction accuracy was signif-
icant since the average ΔE94 was 0.66 and the maximum ΔE94
was 1.30.
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Figure 7. Measured and predicted results of average spectral reflectance
in spatial coordinates with respect to several testing samples.
Table 1: ΔE94 values between the measured and predicted.
The average ΔE94 was 0.66 and the maximum ΔE94 was 1.30.
Cyan
0.2 0.4 0.7 1.0
0.2 1.30 0.78 0.82 0.63
Magenta 0.4 1.10 0.76 0.62 0.31
0.7 0.76 0.89 0.46 0.35
1.0 0.45 0.39 0.31
Significance of Optical Dot Gain
If one sets MTFp(u,v) to one at all spatial frequencies (u,v)
in Eq. (22), one can simulate the spatio–spectral distribution of
reflectance not affected by the optical dot gain. Figures 8(a) and
(b) show the images of simulation results with and without op-
tical dot gain, respectively, where the spatio–spectral reflectance
distribution is converted to CIE RGB image on the D65 standard
illumination and displayed. Compared to the simulated image
with optical dot gain, the simulated image without optical dot
gain looks significantly brighter and the dots looks sharper. The
optical dot gain significantly affects the appearance of halftone
print. Figure 9 shows the difference between average spectral re-
flectances with and without optical dot gain. It is considered that
the NMSRIM significantly corrects the prediction error caused
by the optical dot gain.
Conclusion
As the spectral prediction model for color halftone prints
based on the microscopic measurement, the conventional spec-
tral reflection image model (SRIM) was extended by introducing
the concept of the conventional spectral Neugebauer Model. The
proposed new prediction model was named as the Neugebauer
modified spectral reflection image model (NMSRIM). Compared
to the SRIM, the NMSRIM abstracts the spatio–spectral trans-
mittance distribution of ink layer, t(x,y;λ ), using the limited
number of base color functions t¯i(λ ) and the spatial position
function Ai(x,y) for each base color function in order to effi-
ciently predict the reflectance of color halftone prints from a
small number of measurements. The NMSRIM separately an-
alyzes the mechanical dot gain and the optical dot gain. The
NMSRIM can predict not only the spectral reflectance but also
the microscopic spatial distribution of reflectance. The spatial
distribution of reflectance is related to the appearance of halftone
(a) (b)
Figure 8. Images of simulation results with and without optical dot gain.
(a) with optical dot gain and (b) without optical dot gain.
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Figure 9. Difference between average spectral reflectances with and with-
out optical dot gain.
prints. The methods to obtain the parameters of NMSRIM were
also proposed. Several parameters were obtained by measure-
ments and the others were obtained by computational estima-
tions. To evaluate the validity of the NMSRIM, the spatio–
spectral distribution of reflectance printed with two inks, cyan
and magenta (testing data) is predicted from the measurements
of the halftone prints printed with one ink, the un-printed paper,
and the solid prints of inks which are the cyan, magenta and blue
(training data), where the blue corresponds to the combination
of cyan and magenta inks. The spectral prediction accuracy was
significant since the average and maximum values of ΔE94 in all
samples were 0.66 and 1.30, respectively. The predicted spatial
distribution was visually similar to the measured spatial distribu-
tion. The significance of the optical dot gain to the reproduction
of color and appearance was also discussed by comparing the
simulated results of the spatio–spectral reflectance distributions
with and without optical dot gain.
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